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Abstract 
One goal of cartilage tissue engineering (CTE) is to create constructs for regeneration of 
hyaline cartilage. Three-dimensional (3D)-printed cartilage constructs fabricated from 
polycaprolactone (PCL) and chondrocyte-impregnated alginate mimic the biphasic nature of 
articular cartilage and offers great promise for CTE applications. However, ensuring that these 
constructs provide biologically conducive environment and mechanical support for cellular 
activities and articular cartilage regeneration is still a challenge. That said, the regulatory pathway 
for medical device development requires validation of implants such as these through in vitro 
bench test and in vivo preclinical examination prior to their premarket approval. Furthermore, 
mechano-transduction and secretion of cartilage-specific ECM are influenced by mechanical 
stimuli directed at chondrocytes. Thus, ensuring that these cartilage constructs have mechanical 
properties similar to that of human articular cartilage is crucial to their success. Non-invasive 
imaging techniques are required for effective evaluation of progression of these cartilage 
constructs. However, current non-invasive techniques cannot decipher components of the cartilage 
constructs, nor their time-dependent structural changes, because they contain hydrophobic and 
hydrophilic biomaterials with different X-ray refractive indices.  
The aims of this thesis were to develop 3D-printed cartilage constructs that biologically 
and mechanically mimic human articular cartilage and to investigate synchrotron radiation inline 
phase contrast computed tomography (SR-inline-PCI-CT) as a non-invasive imaging technique to 
characterize components of these constructs and associated time-dependent structural changes. 
The first objective was to determine in vitro biological functionality of the cartilage constructs 
over a 42-day period with regards to cell viability and secretion of extracellular matrix by 
traditional invasive assays. In parallel, performance of SR-inline-PCI-CT for non-invasive 
visualization of components and associated structural changes within the constructs in vitro over 
a 42-day was examined. To achieve this objective, three sample-to-detector distances (SDDs): 0.25 
m, 1 m and 3 m were investigated. Then, the optimal SDD with better phase contrast and edge 
enhancement fringes for characterization of the multiple refractive indices within the constructs 
was utilized to visualize their structural changes over a 42-day culture period. Like the first 
objective, the second objective was to examine in vivo biological functionality of the cartilage 
constructs by traditional invasive assays and utilize SR-inline-PCI-CT to non-invasively visualize 
components of the hybrid cartilage constructs over a 21-day period post-implantation in mice. The 
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third objective was to modulate mechanical properties of PCL framework of the 3D-printed PCL-
based cartilage constructs to mimic mechanical properties of human articular cartilage. To achieve 
this, effect of modulation of PCL's molecular weight (MW) and scaffold's pore geometric 
configurations: strand size (SZ), strand spacing (SS), and strand orientation (SO), 
on mechanical properties of 3D-printed PCL scaffolds were studied. Then, regression models 
showing the effect of SZ, SS, and SO on porosity, tensile moduli and compressive moduli of 
scaffold were developed. Compressive and tensile properties of these scaffolds were compared 
with those of human articular cartilage. Then, “modulated PCL scaffolds” with mechanical and 
biomimetic properties that better mimic human articular cartilage was identified and recommended 
for fabrication of PCL-based cartilage constructs.  
This thesis demonstrated effective in vitro and in vivo biological performance of the 3D-
printed hybrid cartilage constructs studied and presented a significant advancement in CTE 
applications. To be precise, cell viability was at a minimum of 77 % and secretion of sulfated 
GAGs and Col2 increased progressively within cartilage constructs over a 42-day in vitro. 
Similarly, cell viability was consistently above 70 %, and secretion of sulfated GAGs and Col2 
increased post-implantation of constructs in mice over a 21-day period. Furthermore, SR-inline-
PCI-CT demonstrated phase contrast and edge-enhancement fringes effective for visualization of 
the different components and subtle variations within the biphasic cartilage constructs, and thus, 
offers great potential for their non-invasive and three-dimensional visualization. Lastly, this thesis 
presented a significant advancement towards development of PCL constructs with mechanical 
behavior that mimic that of human articular cartilage. The statistical regression models developed 
showed the effect of SZ, SS, and SO on porosity, tensile moduli and compressive moduli of 
scaffolds and recommended sets of parameters for fabrication of “modulated PCL scaffolds” with 
mechanical properties that better mimic mechanical behavior of human articular cartilage. These 
“modulated PCL scaffolds” could serve as a better framework and could guide more effective 
secretion of cartilage-specific ECM within PCL-based constructs for CTE applications. 
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Chapter 1: Introduction 
1.1. Articular Cartilage and the Pathogenesis of Osteoarthritis 
Articular, hyaline cartilage is a smooth and avascular tissue found in the extremities of 
bones at the diarthrodial joints. It provides a lubricated gliding surface, allows easy transmission 
of loads and articulation, and enables easy movement at the diarthrodial joints under physiologic 
conditions [1-2]. Although hyaline cartilage is avascular in nature, its composition and 
organization is quite complex. Human articular cartilage has a thickness of approx. 2 - 4 mm, 
compressive modulus of approx. 1.16 ± 0.20 MPa – 7.75 ± 1.45 MPa [3] and tensile moduli of 
approx. 10.1 MPa - 24 MPa [4-5] depending on its location in the body. Furthermore, the articular 
cartilage is considered a biphasic structure in nature. The solid phase makes up 20 % – 35 % by 
volume, is permeable, and its building block is the extracellular matrix (ECM). The ECM is rich 
in collagen, proteoglycans, minerals and other components in minute quantities. On the other hand, 
the fluid phase is composed of water containing dissolved ions and makes up about 65 % – 80 % 
by volume of the articular cartilage [6-8]. The relationship between the components of both phases 
provides hyaline cartilage with its compressive resilience through the negative electrostatic 
repulsion forces. To be precise, its fluid phase supports mechanical loading by transmitting or 
redistributing the load through the pores of the solid phase matrix and application of pressure 
gradient across articular cartilage, thereby reducing the amount of stress exerted on the solid phase 
of the articular cartilage during high interstitial fluid pressurization with mechanical load [9-12]. 
It also has a sparse population of cartilage cells (chondrocytes) which represents approx. 5 % by 
volume of the articular cartilage [2, 10, 13]. Chondrocytes synthesize all components of the 
articular cartilage, and therefore play a major functional role in how the articular cartilage is 
generated and functions [14-15]. The articular cartilage is also considered to be viscoelastic in 
nature and as such, its stress-strain behavior is dependent on the strain rate. This viscoelasticity 
results from both flow-independent mechanisms, which are associated with the intermolecular 
friction within collagen-proteoglycan matrix, and flow-dependent mechanisms, which are 
associated with interstitial fluid flow and its frictional drag [9, 16-17].  
Osteoarthritis (OA), a degenerative joint disease, is the most prevalent type of arthritis and 
has been reported as one of the leading cause of disability in the world. OA currently affects 
approximately 4.4 million Canadians and has a huge indirect economic burden on social systems 
and health care systems as it causes loss of work hours and early retirements [2, 18-19]. It is widely 
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considered as being prevalent in seniors and the elderly, as its probability of occurring increases 
with age.  In fact, 80 % of seniors age 65 or older have radiographic indication of OA. However, 
OA has been reported in people as young as 15 years old. Further, OA is more prevalent in females 
than males with an average female to male ratio of 1.5 [2, 18, 20]. The pathogenesis of OA causes 
changes in cartilage metabolism. This is often accompanied by joint swelling, joint pain, bone 
remodeling and erosion of articular cartilage covering opposing surfaces of bones, thereby leading 
to joint stiffness and in some cases reduced mobility. These dramatic changes are associated with 
physiological fluctuations of degradation and synthesis of ECM by chondrocytes [21-22]. 
Therefore, investigation of OA transits between biochemistry and biomechanics [23]. 
Biochemically, the activity of chondrocytes changes and production of proteolytic enzymes 
(soluble mediators) such as matrix metalloproteinase 13 (MMP13) and cytokines becomes high 
[24 - 26]. This consequently leads to softening, ulceration and fibrillation that degrade the articular 
cartilage. This may also cause sclerosis of the subchondral bone and results in the growth of 
osteophytes at the joint margins. Biomechanically, obesity, genetics, joint injury and muscle 
weakness could have mechanical implications and cause hyaline cartilage to start showing 
symptoms of OA. These symptoms may include wear and tear, bone morphological changes and 
changes in the cartilage ECM [23]. Despite the severity of OA, absence of blood supply to facilitate 
cartilage self-repair coupled with the resulting morphological changes of neighboring tissues 
(subchondral bones and synovium) make management of OA challenging. Thus, the mechanism 
of OA and its proper management can be described as ambiguous [19, 22, 24].  
Different nonsurgical approaches have been studied for treating or alleviating the pain 
associated with OA-affected joint. The use of dietary supplements and disease modifying 
osteoarthritic drugs (DMOADs) such as matrix-metalloproteinases (MMPs) inhibitors, cytokine 
inhibitors, bisphosphonates and glucosamine are some of the non-surgical pharmacological 
methods studied for treating OA [24, 27-29]. However, no significant improvement or detectable 
radiographic progression in cartilage regrowth has been associated with the use of these DMOADs 
[23]. Other non-surgical non-pharmacological treatments such as physiotherapy, weight reduction, 
and use of analgesics or corticoid have also been recommended. These approaches were reported 
to be suitable as initial treatment of OA but with no potential to regenerate the damaged articular 
cartilage [30-31]. Surgical OA treatment approaches that are being investigated include 
arthroplasty, arthroscopic debridement or lavage, osteochondral autograft or allograft 
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transplantation, autologous chondrocyte implantation and marrow-stimulation techniques such as 
abrasion or microfracture [32-36]. Despite the advancement of these surgical approaches for OA 
treatment, they are plagued with disadvantages. For example, arthroscopic debridement or lavage 
has been speculated to have no significant effect on OA or provided only short-term solution while 
arthroplasty has a 10 % - 30 % patient dissatisfaction or no improvement post-implantation and a 
lifespan of 15-20 years under considerable loading, less stress and proper care [37-40]. Ultimately, 
regeneration of hyaline cartilage by either non-surgical or surgical treatments is still deemed 
elusive, and there is the need for a continuous effort to find a more reliable treatment for OA [34].  
1.2. Cartilage Tissue Engineering  
Cartilage tissue engineering (CTE) uses a combination of biomaterials, bioactive 
molecules and living cells to engineer a 3D environment (constructs / scaffolds) suitable for 
regeneration of the articular cartilage. To develop functional constructs for CTE applications, these 
constructs must mimic the natural characteristics of the articular cartilage [41-45]. Specifically, it 
is highly recommended that the constructs mimic the biological functions of native articular 
cartilage by containing chondrocytes (or cells that can differentiate into chondrocytes) and provide 
a biphasic microenvironment that enables cell proliferation and differentiation. In addition, these 
constructs should mimic the 3D architecture, mechanical characteristics and 100 % pore 
interconnectivity of the articular cartilage to enable provision of the appropriate 
mechanotransductive environment and exchange of nutrients and wastes [41, 46-48, 134].  
Selection of biomaterials with the appropriate biocompatibility and biodegradability profile is one 
of the most significant steps in tissue engineering (TE), as the inherent properties of fabricated 
scaffolds could depend on it. Based on their biocompatibility, mechanical behavior, degradation 
profile and so on, a wide range of biomaterials has been used for fabrication of scaffolds for CTE 
applications. Naturally occurring highly hydrated polymer networks called hydrogels (e.g. 
collagen [51], fibroin [56], chitosan [57], hyaluronic acid [58] and alginate [59]) have shown great 
potential for CTE, especially, in terms of promoting chondrogenesis, mimicking the biphasic, 
biological and natural cellular milieu of articular cartilage. Conversely, these natural biomaterials 
exhibit poor mechanical properties, relatively quick degradation (especially when not crosslinked), 
vary from one batch to another and could be expensive [60-61, 134]. Thus, examination of cheap 
and easily sourced synthetic polyester-based resorbable biomaterials with better mechanical 
properties, such as polyglycolide (PGA) [62], poly (L‐lactide) (PLLA) [63], poly (d, l-lactic-co-
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glycolic acid) (PLGA) [64] and PCL [65], have been studied for CTE applications. However, the 
high rigidity of their scaffolds and their less favorability for cellular activities when compared with 
the naturally occurring hydrogels, make their exploration for CTE applications challenging [63]. 
As such, composite of these biomaterials has been investigated and reported to enable reduction 
of rigidity of these scaffolds. Interestingly, composite such as PLLA and PCL investigated for 
CTE showed that addition of PCL enabled reduction of rigidity, thereby causing increased 
viscoelasticity and flexibility of these scaffolds [63]. In addition, PCL has good bioresorbability, 
a slower degradation rate (ranging from months to years), low cost, excellent viscoelastic 
properties, and non-immunogenicity [66]. As such, the use of PCL framework for tissue 
engineering applications is becoming very popular. 
After the biomaterial of choice is selected for TE applications, modulation of the structural 
integrity or mechanical properties of the scaffolds fabricated from these biomaterials is often the 
next important stage of TE prior to fabrication. Various conventional fabrication techniques such 
as injection molding, porogen leaching, foaming or textile meshes have been widely investigated 
for fabrication of complex scaffolds for TE applications [130-132]. Moreover, scaffolds fabricated 
using these conventional techniques have uncontrollable porosity, lack 100 % pore-
interconnectivity, are mostly non-reproducible and may involve the use of cytotoxic solvents [42, 
45, 52, 54, 130-132]. Advanced additive manufacturing (AM) or solid freeforming (SFF) 
technologies circumvent the challenges of conventional fabrication techniques. They enable 
fabrication of scaffolds with hierarchical pore geometries and ensure tailoring different mechanical 
behavior and mass transport properties for various applications. First, AM utilizes computer-aided-
design (CAD) data to create customized architectures and design complex structures. These 
customized architectures are then fabricated in a controlled layer-by-layer manner specified by a 
user.  Because of the ability to control the structural characteristic of scaffolds fabricated, these 
techniques guarantee controlled porosity, 100 % pore interconnectivity, minimal material waste 
and scaffold reproducibility in a manner not achievable by conventional fabrication techniques 
[134]. SFF techniques for fabrication processes are divided into three groups: laser-based 
techniques (e.g. selective laser sintering (SLS) [85, 87, 90, 133]), drop-based techniques (e.g. ink-
jet printing [135]) and nozzle-based techniques (e.g. extrusion-based techniques such as precision 
extruding deposition (PED), fused deposition modelling (FDM) and drop on demand printing 
(DDP) [49-52]). Extrusion-based SFF techniques include processes with material melting (e.g. 
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FDM [44] and 3D fiber deposition [55]) and processes without material melting (e.g. low-
temperature deposition manufacturing (LDM) [128]). Despite the potentials for all these AM 
techniques for TE applications, finding a technique for fabrication of hybrid scaffolds from 
multiple materials, e.g. polymer melts and water-filled hydrogel with cell inclusions and other 
biological inclusions, is still very difficult.   
The introduction of the 3D-BioplotterTM pioneered at the Freiburg Materials Research 
Center [129] made possible fabrication of a remarkably wide range of biomaterials with large 
temperature ranges. Just like other SFF techniques, bioplotting enables reproducibility, the ability 
to achieve 100 % pore-interconnectivity and relatively easy control of fabrication parameters [46-
48]. But unlike other extrusion-based 3D-printing systems, the 3D-BioplotterTM enables 
fabrication of hybrid constructs by side-by-side printing of polymer melts and water-filled 
hydrogel with cells and other biological inclusions thereby making it easy to  control the 
mechanical characteristics of the constructs, cell distribution within the constructs and mimicking 
the biphasic nature of the articular cartilage [41, 46-47, 53, 55]. Since these biphasic  3D-printed 
PCL-based cell-laden constructs are currently receiving a lot of attention for CTE applications, in 
vitro and in vivo examinations of the biological functions of these cartilage constructs is crucial to 
their success [46 - 48, 67]. In fact, the regulatory pathway for medical device development requires 
their validation through in vitro bench test and in vivo preclinical examination in animal models 
for such implant prior to premarket approval (PMA) [68-69]. Therefore, one of the knowledge 
gaps identified is the “investigation of the biological functionality of these 3D-printed 
PCL/alginate/cells cartilage constructs through an in vitro bench test and an in vivo examination 
in animal models”. 
1.3. Mechanical Properties of 3D-Printed Cartilage Constructs for CTE 
applications 
Because of the previously highlighted characteristics of PCL and alginate hydrogel, this 
thesis focuses on exploration of the potentials of 3D-printed PCL/alginate/cells constructs for CTE 
applications. Mechanically, the PCL component of the hybrid construct is a dense framework that 
provides structural support and mechanical properties to the 3D-printed PCL/alginate/cells 
cartilage constructs [52]. Conversely, the alginate hydrogel component provides microporous 
environment that helps transmission or redistribution of mechanical loads through pores of the 
PCL structure. The mechanical interactions and the 3D structural integrity between the solid and 
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the liquid components of the hybrid cartilage constructs are similar to those experienced in native 
articular cartilage [9-12]. Moreover, tensile and compressive moduli of human articular cartilage 
of femoral condyles vary greatly compared to that of previously investigated PCL-based scaffolds 
(different sizes and fabricated using different fabrication techniques) (See Table 1.1). Having said 
that, biosynthesis activities of cells in articular cartilage or in CTE constructs are sensitive to 
mechanical stimuli [70-72]. In fact, dynamic compression as low as 0.5 MPa – 1.0 MPa at 
physiological frequencies of 0.01 Hz – 1.0 Hz has been reported to stimulate secretion of 
extracellular matrix (ECM) in native articular cartilage [71-72]. This means that using constructs 
with mechanical properties much higher than that of the native articular cartilage will cause stress-
shielding of mechano-transduction and hinder transmission of mechanical stimuli directed at cells 
within these constructs and, consequently affect secretion of cartilage-specific ECM. In a like 
manner, utilizing constructs with mechanical properties lower than those of articular cartilage may 
result in overloading and excessive stressing of the cells within the constructs, and consequently 
negatively influencing secretion of ECM or resulting in cell mortality. Therefore, mechanical 
properties of these PCL-based cartilage constructs are very crucial and should be similar to those 
of the articular cartilage to enable the cells in these constructs reach their full potentials for 
regeneration of hyaline cartilage. Despite this fact, most PCL-based constructs investigated for 
CTE applications are developed to biologically mimic properteis of native articular cartilage, and 
very little to no attention is paid to estimation of mechanical properties of these constructs and 
ensuring that they are comparable with human articular cartilage [46-47, 67]. As such, another 
unsolved challenge associated with these 3D-printed PCL/alginate/cells cartilage constructs is 
finding a strategy to systematically tailor their mechanical properties to better mimic mechanical 
properties of human articular cartilage. 
Several investigators have studied the effect of molecular weight (MW) on biomaterials’ 
and scaffolds’ mechanical parameters such as elastic modulus, yield stress, fracture toughness and 
impact strength [73-75]. For example, mechanical properties of scaffolds increased with an 
increase in MW of PCL blended with poly (ethylene terephthalate) (PET) [76]. However, no 
research investigating the effect of molecular weight of PCL on mechanical properties of scaffolds 
for CTE applications has been conducted. Besides, the influence of pore geometry and porosity on 
the mechanical properties of tissue constructs/scaffolds has also been well studied [42, 44, 52, 55, 
77-78]. In fact, a direct relationship is reported to exist between porosity and mechanical properties 
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of scaffolds. To be specific, a scaffold’s porosity is directly associated with its pore geometry 
parameters such as strand size (SZ), strand spacing (SS) and strand orientation (SO) [42, 45, 52, 
55]. Accordingly, understanding these relationships may enable better design of porous structures 
for different TE applications [42, 44, 49, 55]. Unfortunately, studies that investigated optimization 
of PCL scaffolds structure mostly focused on bone TE applications or used conventional 
fabrication techniques for their scaffold fabrication [49-52]. Therefore, the second  knowledge gap 
identified in this thesis is that “modulation of molecular weight of PCL and pore geometric 
configurations (i.e. SS, SO and SZ) of scaffolds may influence the mechanical behavior of 3D-
printed PCL scaffolds and enable obtaining PCL-based constructs with mechanical properties like 
that of human articular cartilage”.  
Table 1. 1: Compressive and tensile moduli of human articular cartilage and PCL scaffolds 
reported in literature  
 Compressive moduli (MPa) Tensile moduli (MPa) 
Articular cartilage (human 
femoral head) 
 
1.16 ± 0.20 – 7.75 ± 1.45 [3]; 
4.3 ± 1.4 – 13.0 ± 4.2 [77]; 
3.2 ± 1.6 [79]; 2.22 ± 0.65 – 3.10 ± 
0.84 [81]; 1 – 19.5 [82]; 0.079 ± 0.039 
– 2.10 ± 2.69 [83]; 0.679 ± 0.162 – 
1.816 ± 0.868 [84]  
54.6 ± 37.6 [79]; 0.76 ± 0.13 [80]; 10.1 
[4]; 24 [5] 
 
PCL scaffolds fabricated by 
SLS, Injection molding, 
electrospinning, PED, FDM, 
DDP 
215.4 ± 6.6 [50]; 52 ± 2 – 67 ± 4 [85]; 
14.9 ± 0.6 [87]; 59 [88]; 150 – 200 
[89]; 44.0 ± 3.2  [92]; 41.9 [93] 
105 ± 15 [50]; 53 ± 36 [86]; 277.06 ± 
27.66 [90]; 
2.9 - 5.2 [91]; 35.5 ± 5.8 [87] 
 
1.4. SR-Inline-PCI-CT for Non-Invasive Assessment of 3D-printed Hybrid 
Cartilage Constructs  
Owing to the difference in the X-ray attenuation coefficients and densities of the 
hydrophobic PCL, hydrophilic alginate hydrogel, cells and time-dependent structural changes 
within the biphasic 3D-printed cartilage constructs that may be associated with either 
biodegradation of formation of ECM, their non-invasive characterization and monitoring is 
challenging, particularly during in situ tissue repair [94 - 97]. An effective, non-invasive, 3D 
imaging technique suitable for CTE should have the capacity to (1) track the progression of newly 
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forming tissues, (2) monitor degradation profiles of all components of the constructs, and (3) 
delineate host-construct integration in a continued manner in the same animal or human without 
destroying or posing a risk to the animal or the tissues of interest [95, 98-99]. Traditional invasive 
assays complemented by two-dimensional (2D) imaging techniques provide standard assessments 
of cell viability and secretion of ECM in tissue-engineered constructs [47, 97, 100-101]. However, 
these traditional assays provide 2D representation, are invasive, and require excising the samples 
such that samples can only be assayed at one time-point. Therefore, they are unsuitable for in vivo 
and longitudinal assessment of functionality of the 3D-printed hybrid constructs investigated in 
this thesis in animal models [47, 97, 100-101]. 3D optical imaging techniques, such as confocal 
microscopy, optical coherence tomography, and Raman spectroscopy have been studied as 
alternatives to 2D imaging techniques for TE applications [102-105]. Unfortunately, these 
techniques have shorter penetration depth and often require the use of contrast agents to enhance 
their sensitivity to visualize cartilage [95, 97, 106]. Furthermore, positron emission tomography 
and single-photon emission computed tomography possesses high penetration depth and have been 
praised for successfully tracking cells in vivo [107-108]. However, these techniques require the 
use of radioactive agents that might have a negative effect on cell performance. In addition, these 
techniques often experience poor temporal and spatial resolution that consequently limits 
visualization of microstructural details, which is critical for tracking time-dependent progression 
of biomaterial degradation and tissue growth [107-108]. Furthermore, positron emission 
tomography, single-photon emission computed tomography [107-108, 116], and radiography 
(such as micro-CT and CT) can assess structural details of tissue constructs. Unfortunately, poor 
contrast from low density and high water content materials, such as cartilage and hydrogels, is a 
major drawback when considering these techniques for CTE applications [109-110]. Magnetic 
resonance imaging (MRI) is an established preclinical and clinical technique, well known for its 
ability to delineate soft tissue contrast. Therefore, MRI is often used for visualizing cartilage 
damage, tissue remodeling, soft tissue constructs, and was even used recently with contrast agents 
to track cells within constructs [99, 111-115]. However, MRI has poor spatial resolution, provides 
poor imaging contrast of hydrophobic materials and tissues, and sometimes needs contrast agents 
to boost sensitivity. Thus, its use for effective non-invasive characterization of partly hydrophobic 
and partly hydrophilic PCL/alginate/cells cartilage constructs studied in this thesis is not feasible 
[113, 125]. In summary, non-invasive characterization and monitoring of hydrophobic PCL, 
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hydrophilic alginate hydrogel, and living cells within hybrid cartilage constructs is challenging, 
particularly in vivo. 
Since the discovery of synchrotron light, different non-invasive 3D imaging techniques that 
are invaluable for biomedical applications and material sciences have emerged. Novel 
synchrotron-radiation inline phase contrast imaging computed tomography (SR-inline-PCI-CT) 
uses variations in phase shifts of X-rays passing through samples to visualize materials with 
different refractive indices, electron densities, and atomic numbers, without requiring exogenous 
contrast agents [117-119]. At diagnostic X-ray energies, the SR-inline-PCI-CT technique produces 
its image signal from refraction generated from the real part of the refractive index of a sample. 
These refraction signals are up to 1000 times greater than the absorption signal generated from the 
imaginary part of the material refractive index and are used as source of image signal for 
conventional X-ray absorption imaging techniques [117-120]. Although researchers are currently 
exploring six or more PCI techniques, SR-inline-PCI-CT has the simplest experimental setup, uses 
no optical element (e.g., gratings or diffracting crystals) and was the first phase-contrast technique 
to be pioneered [117-119]. Due to the high lateral (spatial) coherence of synchrotron X-rays, SR-
inline-PCI-CT translates variations in densities and refractive indices of different materials into 
edge enhancement at their interfaces in the images [121]. Thus, SR-inline-PCI-CT offers a robust 
capability to characterize hard and soft tissues, tissue constructs fabricated from single or multiple 
biomaterials and their associated gradually growing neo-tissue with multiple weak X-ray 
absorption and low refractive indices [96-99, 122-125]. That said, the capability of SR-inline-PCI-
CT for characterization of fine details in soft tissues was previously assumed to be subordinate to 
that of diffraction-enhanced imaging [98, 122, 125]. Thus, whether SR-inline-PCI-CT can be 
optimized for non-invasive characterization of the components of the engineered 
PCL/alginate/cells or for soft tissue engineering in general becomes another critical research 
question. A few studies have explored sample-to-detector propagation distance (SDD) as a key 
parameter for optimization of SR-inline-PCI for imaging of samples with varying densities and 
refractive indices. This is because varying SDD changes the spatial coherence of the incident X-
rays which affects the edge enhancement fringes and the details at interfaces of materials within 
samples, and consequently affects image quality provided by SR-inline-PCI-CT [98, 118-119, 121, 
123-126]. Meanwhile, the refractive indices and thickness of the sample, pixel size of the detector, 
and the imaging energy used for acquiring SR-inline-PCI images also determine the optimum 
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SDD, and affects the phase contrast provided by the technique [127]. As such, one size does not 
fit all with regards to the SDD that will provide the appropriate edge enhancement fringes and 
phase contrast for characterization of different sample types. Summarily, another knowledge gap 
identified is that “modulation of SDD may enhance spatial coherence and phase contrast, and 
hence capability of SR-inline-PCI-CT for characterization of the different refractive indices 
present within the hybrid PCL/alginate/cells constructs and their time-dependent structural 
changes”. 
1.5. Research Aims and Objectives 
The aim of this thesis is to develop 3D-printed cartilage constructs that biologically and 
mechanically mimic human articular cartilage and to investigate SR-inline-PCI-CT as a non-
invasive imaging technique to characterize these cartilage constructs and their time-dependent 
secretion of ECM. The hypotheses are (1) the environment provided by 3D-printed cartilage 
constructs can support cell viability and progressive secretion of cartilage-specific ECM over time 
in vitro and in vivo; (2) advanced SR-inline-PCI-CT is effective for non-invasive assessment of 
the multiple refractive indices present within the 3D-printed PCL/alginate/cells constructs and 
their associated time-dependent changes; and (3) modulation of molecular weight and pore 
geometric parameters (i.e. SS, SO and SZ) of the 3D-printed PCL scaffolds enables tailoring 
mechanical behavior of these scaffolds/frameworks to mechanically mimic native articular 
cartilage. To test these hypotheses, the specific objectives of this thesis are set as follows.   
The first objective was to determine in vitro biological functionality of the cartilage 
constructs and investigate SR-inline-PCI-CT for non-invasive visualization of the components and 
associated structural changes within the cartilage constructs in vitro over a 42-day period. To do 
this, PCL/alginate/cells cartilage constructs were fabricated and their in vitro biological 
performance were examined by quantifying changes in cell viability and secretion of sulfated 
GAGs and Col2 over a 42-day period. In addition, three sample-to-detector distances (SDDs) 
(0.25, 1 and 3 m) were investigated for characterization of individual components of the hybrid 
cartilage constructs by comparing phase contrast, edge enhancement fringes and consequent image 
quality. Then, optimal SDD identified was utilized to delineate time-dependent structural changes 
within the PCL/alginate/cells constructs over a 42-day period in vitro. 
 The second objective was to examine performance of SR-inline-PCI-CT to visualize non-
invasively the 3D-printed hybrid cartilage constructs implanted subcutaneously in mice over a 21-
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day period. In parallel, traditional invasive assays interrogated the in vivo functionality of the 
implanted hybrid cartilage constructs with regards to cell viability and secretion of sulfated GAGs 
and Col2 at 7, 14 and 21 days post-implantation in nude mice. 
The third objective was to modulate mechanical properties of the PCL framework of the 
3D-printed PCL-based cartilage constructs to mimic the mechanical properties of the human 
articular cartilage. To do this, the effect of modulation of the PCL's MW and 
scaffold's pore geometric configurations (i.e. SZ, SS, and SO) on mechanical properties of 3D-
printed PCL scaffolds was investigated. PCL scaffolds were fabricated using PCL with different 
molecular weight (10, 000 g/mol, 45, 000 g/mol and 80, 000 g/mol) and subjected to mechanical 
tests to determine the optimal molecular weight for fabrication of PCL-based cartilage constructs. 
After identifying PCL with the molecular weight most feasible for fabrication of PCL scaffolds, it 
was used to fabricate scaffolds with various pore geometric configurations: SZ, SS, and SO. Then, 
statistical regression models showing the effect of SZ, SS, and SO on porosity, tensile moduli and 
compressive moduli of scaffolds were developed. From the statistical regression models, the pore 
geometric configurations for fabrication of “modulated PCL scaffolds” with mechanical properties 
that better mimic mechanical behavior of human articular cartilage was obtained and 
recommended as a framework for subsequent studies focused on fabrication of PCL-based 
constructs for CTE applications.  
1.6. Organization of the Dissertation  
This dissertation consists of 6 chapters. It includes the introduction chapter, four chapters 
adopted from four manuscripts and a chapter summarizing conclusions drawn from research and 
recommendations for future studies.  
Chapter 2 presents a literature review that discusses recent developments in synchrotron-
based biomedical imaging techniques and their potentials for bone and cartilage tissue 
engineering applications. The first section describes the technical features, the advantages and 
the limitations of these techniques. The second section focuses on applications of these 
synchrotron-based techniques to bone and cartilage tissue engineering applications. Lastly, cues 
for identification of an effective synchrotron-based imaging technique for specific and different 
tissue engineering applications are discussed alongside recommendations for future research.  
The first section of Chapter 3 describes in vitro biological functionality of 3D-printed 
PCL/alginate/cells cartilage constructs with respect to cell viability and secretion of cartilage-
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specific ECM over a 42-day period by traditional invasive assays. The second section examines 
the potential of the novel non-invasive SR-inline-PCI-CT for visualization of the individual 
components of the biphasic 3D-printed cartilage constructs and their associated subtle time-
dependent structural changes. To be precise, the study investigates the effect of modulation of 
SDD on phase contrast, and consequently image quality offered by SR-inline-PCI-CT for 
characterization of the multiple densities and refractive indices found within the biphasic 
cartilage constructs. Then, the study utilizes the optimized settings of SR-inline-PCI-CT for 
visualization of the interfaces of the associated fine structural changes within the cartilage 
constructs in vitro over a 42-day period.  
Chapter 4 presents the in vivo examination of the biological functionality of 3D-printed 
PCL/alginate/cells constructs with respect to cell viability and secretion of cartilage-specific 
ECM over a 21-day period post-implantation in nude mice. In addition, the study utilizes the 
optimized SR-inline-PCI-CT established in chapter 3 for non-invasive visualization and 
characterization of the biphasic components of these constructs and their associated structural 
changes in nude mice over a 21-day period. 
Chapter 5 examines the effect of molecular weight and pore geometric configurations: 
SS, SO and SZ, on compressive and tensile moduli of PCL scaffolds. Statistical regression models 
showing the effect of pore geometric configurations on porosity and mechanical properties of 
scaffolds were developed. From the statistical regression models, the pore geometric 
configurations for fabrication of “modulated PCL scaffolds” with mechanical properties that 
better mimic mechanical behavior of human articular cartilage was identified and recommended 
as a framework for subsequent studies focused on fabrication of PCL-based constructs for CTE 
applications.  
Chapter 6 presents the conclusions drawn from this research work, followed by 
suggestions and recommendations for possible future studies. 
1.7. Contributions of the Primary Investigator 
All manuscripts included in this thesis are co-authored and contributions of all authors are 
greatly appreciated and acknowledged. However, it is the mutual understanding of all these authors 
that Adeola Deborah Olubamiji, as the first author, is the primary investigator of the research work. 
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Chapter 2: Review of Potentials of Synchrotron-Based 
Biomedical Imaging Techniques for Bone and Cartilage Tissue 
Engineering 
This chapter was adopted from the publication of “Olubamiji, A.D., Izadifar, Z., Chen, D.X. 
Synchrotron imaging techniques for bone and cartilage tissue engineering: potential, current 
trends, and future directions. Tissue Engineering: Part B Reviews 20:5 (2013):503-22”. According 
to the Copyright Agreement, "the authors retain the right to include the journal article, in full or in 
part, in a thesis or dissertation". 
2.1. Abstract 
Biomedical imaging is crucial to the success of bone / cartilage tissue engineering (TE) by 
providing detailed 3D information on tissue-engineered scaffolds and associated bone/cartilage 
growth during the healing process. Synchrotron radiation (SR)-based biomedical imaging is an 
emerging technique for this purpose that has been drawing considerable recent attention. Due to 
the unique properties of synchrotron light, SR biomedical imaging can provide information that 
conventional X-ray imaging is not able to capture. SR biomedical imaging techniques notably 
differ from conventional imaging in both physics and implementation. Thus, they vary regarding 
both capability and popularity for biomedical imaging applications. In the earlier decade, 
synchrotron-based imaging was used in bone / cartilage TE to characterize bone/cartilage scaffolds 
and tissues as well as the varying degrees of success in reconstruction. However, several key issues 
should be addressed through research before SR biomedical imaging can be advanced to a non-
invasive method for application to live animals and eventually to human patients. This review 
briefly presents recent developments in this area, focusing on different synchrotron-based 
biomedical imaging techniques and their advantages and limitations, as well as reported 
applications to bone and cartilage TE. Key issues and challenges are also identified and discussed 
along with recommendations for future research. 
2.2. Introduction 
Three dimensional (3D) biomedical imaging plays a major role in determining the 
efficiency of tissue-engineered regeneration. It allows examination of microstructural, 
biochemical, and biological properties of the tissue-engineered scaffolds and its interaction with 
the host tissues before and after implantation [1]. X-ray absorption imaging (such as µCT and CT) 
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[2], ultrasound [3] and MRI [1, 4] are among the prevalent 3D imaging methods used for non-
invasive characterization of cartilage and bone tissues, scaffolds microarchitecture and tissue 
growth. Although these techniques are widespread for clinical diagnosis and tissue engineering 
(TE) related biomedical imaging, certain limitations restrain their capability to completely unravel 
tissue engineering imaging related problems.  Some of these limitations are low spatial resolution, 
limited penetration depth of optical wavelengths in samples [5], poor contrast of low Z elements 
[6], artifacts [7-8], reports of uncomfortable anxiety and claustrophobia [9]. 
There is no doubt that interesting recent advancements have been made in TE in the recent times. 
Nonetheless, further advancement required to advance TE to its full potential via animal and 
clinical (human) trials. These animal and clinical trials, which may involve longitudinal (long-
term) in vivo examinations of the same live in situ tissues, will make no tangible contribution to 
TE without an effective 3D biomedical imaging technique to monitor their success. An effective, 
non-invasive, 3D biomedical imaging technique to facilitate advancements should have the 
capacity to (1) track the process of cell growth into newly formed tissues (i.e., cell migration, cell-
scaffold adhesion, and differentiation); (2) monitor construct biodegradation kinetics; and (3) 
examine the host-construct integration in a continued manner in the same animal or human without 
destroying or posing a risk to the animal or the tissues of interest [10-11]. Since the discovery of 
synchrotron light, different non-invasive 3D imaging techniques that are invaluable for bio-
medical applications and material sciences have emerged. The next section discusses the basic 
physics of major synchrotron-based biomedical imaging techniques with potential applications to 
bone and cartilage TE. 
2.3. Synchrotron Imaging 
Synchrotron light is an electromagnetic radiation produced when charged particles (i.e., 
electrons) are ejected from an electron gun by an electric field and then sped up in a linear 
accelerator. The particles are further accelerated to near the speed of light in a booster ring before 
being transferred to a storage ring. In the storage ring, bend magnets cause the electrons to change 
direction, and this results in a change in their velocity vector and, consequently, the radiation of 
synchrotron light. The properties of synchrotron light, to be discussed in detail next, significantly 
improve contrast sensitivity in X-ray imaging systems [12]. Due to the inherent advantages and 
potential of synchrotron-based light sources, several 3D biomedical imaging techniques have been 
developed [13-18]. The successful implementation of these methods in recent years demonstrates 
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that synchrotron-based biomedical imaging techniques may be translated to TE applications. These 
methods will further advance TE by enabling non-invasive and longitudinal delineation of 
construct morphometry, neo-tissue growth, construct degradation kinetics, and host–implant 
interface dynamics [8, 10, 11, 17]. 
2.3.1. Phase-contrast Imaging 
PCI uses variations in the phase shifts of emerging X-rays to characterize structural 
properties of samples with similar electron density, low atomic number materials, and soft tissues 
without the use of exogenous contrast agents [19-21]. At diagnostic X-ray energies, PCI relies on 
variations in the real part of the refractive index of tissues that are several orders of magnitude 
more important than the imaginary part used as the source of absorption contrast. In addition, 
unlike conventional diagnostic X-ray imaging that is dominated by incoherent Compton scattering, 
most implementations of PCI are based on coherent X-ray scattering for observation of refraction 
and interference [19-21]. Several PCI techniques have been developed based on obtainable 
information and differences in implementation. In the next section, we briefly discuss major PCI 
techniques that are currently or have the potential to be employed in TE. 
2.3.1.1. Inline-PCI 
Inline-PCI, also called propagation-based imaging or inline holography, had its 
breakthrough in 1948. Inline-PCI was the first phase-contrast technique pioneered; it requires no 
optical element (e.g., gratings or diffracting crystals) and has the simplest experimental   set-up 
[23-26]. It explores the phase shifts caused by variations in the refractive index and thickness of 
materials and captures these variations in measured intensity as edge enhancement between 
different regions [25]. This edge enhancement is a significant advantage of inline holography and 
results from the high lateral (spatial) coherence of inline-PCI achievable using a small effective 
source or large sample-to-detector distance [23-26]. An X-ray source such as a third-generation 
synchrotron X-ray source, a microfocus X-rays tube, or an ultrafast-laser-based plasma X-ray 
source is required to obtain high lateral coherence [24, 26, 27]. In addition, the sample-to-detector-
distance is selected to fall in the Fresnel zone, a region between the absorption zone and the far 
field (Fraunhofer zone), as shown in Fig. 2.1 a [28]. The continuous phase variations result in 
enhanced and defined boundaries [23-27]. To optimize the sensitivity of this method, the sample-
detector-distance should be limited to the Fresnel zone and completely avoid the Fraunhofer zone, 
and the spatial resolution of the detector, X-ray source size, and refractive properties of the samples 
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should be considered [23-27]. 
2.3.1.2. X-ray Interferometry 
  In 1966, Bonse and Hart pioneered the use of three Laue-case (LLL) analyzers in a method 
referred to as X-ray interferometry [13, 29]. X-ray interferometry is regarded as the most sensitive 
technique to measure phase shifts. It requires the high spatiotemporal coherence that is achievable 
by a high brilliance source such as a synchrotron or free-electron laser [29-31]. The set-up of the 
interferometer (Fig. 2.1 b) employs three perfect diffracting crystals [32]. The splitter crystal 
divides the incident X-ray beam into two coherent and spatially separated beams. One of the two 
beams pass through the sample, positioned between the mirror and analyzer, while the second 
beam acts as an unperturbed reference. The beams are then reflected via Laue-case diffraction at 
the mirror crystal. The two beams interfere at the entrance of the analyzer crystal, traverse the 
analyzer crystal, and produce intensity distributions detected by comparing the two beams. These 
intensity distributions are measured as phase shifts caused by the inhomogeneity in samples [13, 
29-32]. 
2.3.1.3. Diffraction-Enhanced Imaging 
Diffraction-enhanced imaging (DEI), also known as analyzer-based imaging, was studied 
in the mid-1990s by Davis et al., Ingal and Beliaevskaya, and Chapman et al. [14, 33-34]. This 
method utilizes a three-crystal setup that consists of a double crystal monochromator with 
asymmetric reflecting planes and an analyzer crystal (Fig. 2.1 c) [28]. The double crystal 
monochromator uses Bragg geometry to select a small energy band monochromatic beam from 
the incident polychromatic spectrum to traverse the object [12, 14, 33-35]. The beam exiting the 
object then hits the analyzer crystal, which diffracts the X-rays that align only within its angular 
acceptance to the detector with a modulation given by the rocking curve (RC). All other photons 
that fall out of the angular acceptance window of the analyzer are of scatter origin, and their 
removal causes enhancement of the image contrast [14, 33-34]. To obtain images, the analyzer 
is tuned at the half-maximum reflectivity of the RC and images are taken on both the high angle 
(yH) and low angle (yL) sides [38-40]. The intensities measured on the high angle (IH) and low 
angle (IL) sides (Fig. 2.1 c) are employed to calculate the refraction angle image (ΔθZ; Eq. 2.1) 
and apparent absorption (IR; Eq. 2.2) image obtained in the sensitivity direction Z, as follows:  
∆θZ =
IHR(θL)-ILR(θH)
IL
dR
dθ
(θH)-IH
dR
dθ
(θL)
     (2.1) 
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IR =
IL
dR
dθ
(θH)-IH
dR
dθ
(θL)
R(θL)
dR
dθ
(θH)-RH
dR
dθ
(θL)
,     (2.2) 
where R is the analyzer reflectivity as a function of analyzer rocking angle (θ),  ∆θZ is the refracted 
X-rays or the refraction angle intensity, and 𝐼𝑅 is the apparent absorption intensity [12, 14]. 
The apparent absorption image is then separated into absorption contrast and extinction 
contrast. The ability of DEI to separate these two contrasts is an advantage over conventional X-
ray imaging methods [12, 14]. The refraction effects of the X-rays and the thickness gradients of 
the sample greatly affect the refraction angle images. This results in intrinsic edge enhancement at 
the boundaries within tissues and enables DEI to provide clear and crisp refraction angle images. 
The absorption image relies on the linear integration of tissue absorption that, in turn, depends on 
the thickness of the sample [36]. Although DEI exhibits excellent scatter rejection, it is limited by 
its sensitivity to only the vertical components of the refracted beam; further research is required to 
extend its sensitivity [12]. DEI also has trouble in characterizing homogeneous fine structures, and 
the images contain ultra-small-angle X-ray scattering (USAXS) properties that can degrade image 
contrast [37-39]. Other DEI-based methods are gradually evolving to address these challenges. 
Rigon et al. [37] proposed an extension of DEI in a technique that employs the intensity 
measurements obtained from the peak and the two half-slopes of the RC. Unlike classical DEI, 
this technique also uses the second rather than the first derivative of the RC. This method generates 
apparent absorption, refraction, and USAXS images [37].  Multiple image radiography (MIR) is 
an optimized version of (bone) tissues in situ with considerable structural detail [40]. This method 
may encounter limitations in sensitivity regarding the wave field in one direction. This limitation, 
which is characteristic of all analyzer-based phase-sensitive imaging techniques, may prevent the 
full delineation of samples with fibers oriented in many orientations, for example, cartilage. 
However, Li et al. suggested solutions that may be applied to this problem [40]. 
2.3.1.4. Dark-Field Imaging  
Dark-field imaging (DFI) relies on monochromaticity and small angular divergence 
associated with its crystal optics. The Bragg-Bragg-Laue geometry of DFI simultaneously 
produces dark-field and bright-field images. The Bragg–Bragg geometry of the double crystal 
monochromator is used to generate a monochromatic beam from the incident beam, asymmetric 
diffraction of the beam, and reduction of the beam angular divergence [15, 41-43]. The generated 
beam then hits and traverses the sample to be incident on the Laue-geometry analyzer, which then, 
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with small-angle scattering, diffracts and splits the modulated beam as shown in Fig. 2.1 d [41].  
One of the two refracted beams produce intensities recorded by the area detectors as dark-field 
images, while the other beam generates bright-field images. This method requires no analyzer 
tuning and suppresses background illumination. Hence, DFI can be used to obtain high spatial 
resolution images of weak refraction-based signals exiting soft tissues [15, 41, 42]. DFI is also 
achievable using grating interferometry [43]. 
2.3.1.5. Differential PCI using X-ray Gratings 
While most PCI techniques require highly brilliant monochromatic sources, such as 
synchrotron sources, differential PCI (DPCI) works with low brilliance polychromatic X-ray 
sources [16]. DPCI is also called Talbot-Lau interferometry. DPCI relies on angular filtering of 
the transmitted X-ray beam by micro-periodic gratings followed by conversion of the angular beam 
deviations from refraction into intensity patterns recorded by the detector [44-45].  Depending on 
the brilliance of the X-ray source, DPCI requires two or three transmission gratings. Its intensity 
is separated into absorption, refraction, USAXS, and sometimes dark-field components. The setup 
(Fig. 2.1 e) consists of the source grating or beam splitter (G0), phase grating (G1), and analyzer 
absorption (G2) grating, with their respective periods (p) and distances from the detector [44]. G0 
consists of grids that divide the incident beam into an array of line sub-sources which are 
individually spatially coherent but mutually incoherent. The X-rays exiting each aperture of G0 
irradiate the sample and experience slight refraction. After the beam transmits the object, G1 causes 
intensity modulation and splits the beam into two out-of-phase beams. One of these beams 
traverses the object and interferes with the other beam that exited G0, in the region behind G1 and 
in the plane of G2, to produce periodic interference fringes. The linear periodic interference fringe 
patterns are transformed into intensity modulations that are recorded by the detector [12, 44-45]. 
Unlike most PCI methods, DPCI enables a large field of view using large pixel-size detectors and 
requires less mechanical stability, which   enables large image sampling [16, 45]. In addition, DPCI 
is attracting clinical attention because of its capacity to use low brilliance polychromatic X-ray 
sources to scan soft tissues at a high spatial resolution [16, 47]. 
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Fig. 2.1: Schematic diagrams illustrating the image acquisition setup of different phase-contrast X-ray imaging techniques: (a) 
inline PCI [28]; (b) X-ray interferometry; (c) DEI [28]; (d) DFI [41]; (e) differential PCI [44]; and (f) coded-aperture phase contrast 
imaging [49].   
2.3.2. K-Edge Subtraction  
Contrast-enhanced K-edge subtraction (KES) imaging, also known as dichromography 
or dual-energy subtraction imaging, uses biocompatible and higher atomic number contrast 
agents to increase the sensitivity and contrast of low density tissues [52]. It was pioneered by 
Jacobson in 1953 and uses either a synchrotron or compact X-ray tube source and a Bragg-
case crystal monochromator system [53-55]. It relies on the large jump in attenuation 
coefficient (e.g., up to a factor of 6 for iodine) that occurs at the K-edge energy of the contrast 
agent, while the attenuation coefficient of the other components (e.g., surrounding matrix) of 
the object changes only minimally [55-57]. To implement KES imaging, two mono-energetic 
X-ray beams with defined energies of just below and above the K-edge of the contrast agent 
are selected from the incident polychromatic beam as shown in Fig 2.2. The sample is imaged 
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with the two selected X-ray energies to simultaneously obtain two intensity images, one of 
which is subtracted from the other to give a difference image. The difference image (Eq. 2.3) 
is solved to generate the projected densities (images) of the matrix, ρMtM (Eq. 2.4), and the contrast 
material, ρCtC (Eq. 2.5):   
[
rL
rH
] = [
- ln
IL
I0
- ln
IH
I0
] = [
μ
ρM
(EL)ρMtM +
μ
ρc
(EL)ρCtC
μ
ρM
(EH)ρMtM +
μ
ρc
(EH)ρCtC
]     (2.3) 
ρMtM =
μ
ρc
(EH)rL-
μ
ρc
(EL)rH
μ
ρM
(EL)
μ
ρc
(EH)-
μ
ρc
(EL)
μ
ρM
(EH)
     (2.4) 
ρCtC =
μ
ρM
(EH)rL-
μ
ρM
(EL)rH
μ
ρM
(EL)
μ
ρc
(EH)-
μ
ρc
(EL)
μ
ρM
(EH)
,     (2.5) 
where I is the photon intensity; subscripts M, C, L, and H indicate the matrix, the contrast material, 
below K-edge, and above K-edge, respectively; ρ is the density of the material; t is the thickness 
of the material; I0 is the number of photons in the incident beam; 
μ
ρ
(E)is the mass attenuation 
coefficient of the material; and r = ln
I
I0
 [12, 52, 54]. The presence of bones, motional image 
blurring, and cross-over artifacts caused by beam crossing in addition to the technical complexity 
and rarity of synchrotron sources constitute major obstacles to KES imaging [56]. Thus, new 
applications are being developed to optimize the method. KES has been combined with CT (KES-
CT) for extensive quantification of the spatial distribution of contrast agent in samples [57]. In 
addition, Zhong et al. investigated a lab-based rotating anode X-ray source and single bent Laue 
monochromator for KES angiography to address the scarcity of synchrotron facilities [55]. The 
recent development of three-energy KES has also contributed to advancements in KES imaging. 
In three-energy KES, a third image is simultaneously taken using a harmonic energy far above the 
K-edge energy of the contrast agent. The third image resolves the bone component, which is an 
artifact source in the images acquired above and below the K-edge [56, 58]. Similarly, near-edge 
spectral imaging (NESI), an extended version of KES imaging that enables scanning from an 
energy just below to an energy just above the K-edge of the contrast material, has been developed. 
NESI has numerous advantages over KES imaging, including increased photon flux (up to a factor 
of 5), elimination of motion artifacts, and easy characterization of additional components such as 
bone [56]. Furthermore, shaping the X-ray spectrum such that the two energies are very close to 
the K-edge of the contrast material has been reported to optimize the sensitivity of KES [59]. 
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In addition, the use of a bent Laue monochromator has been reported to optimize photon flux, 
integrated reflectivity, and tolerance to diffraction due to a large solid diffraction angle [56]. 
Finally, the cytotoxicity of contrast agents and the selection of a contrast material with a suitable 
absorption energy to prevent photon starvation during biomedical imaging should also be taken 
into consideration [60].  
 
Fig. 2.2:  Schematic diagram of KES imaging setup with a single bent Laue monochromator with splitter [12].  
2.3.3. Synchrotron Radiation Micro-Computed Tomography (SR-µCT) 
SR-µCT is the synchrotron-based version of the µCT systems introduced by Feldkamp et 
al., 1989 [61]. The high photon flux (typically about 108 photons/s), high brilliance of the X-ray 
source, small angular beam divergence and consequent improved spatial resolution and higher 
signal-to-noise ratio, and faster acquisition time are benefits of SR-µCT over standard µCT 
systems. In addition, the ability to tune the synchrotron X-ray energy addresses issues with respect 
to beam hardening artifacts, reconstruction artifacts, and geometrical artifacts that occur in 
standard µCT imaging [63-66]. SR-µCT employs a collimated monochromatic beam generated 
from a double crystal monochromator for generation of absorption contrast. The monochromatic 
beam illuminates a sample mounted and fixed on a rotatable stage (Fig. 2.3) [69]. The intensity of 
the transmitted beam is recorded by an electro-optic detector positioned close to the sample to 
avoid phase contrast [61-66]. An extension of SR-µCT is the use of synchrotron-based phase 
contrast techniques, as discussed above, in what is known as phase contrast microtomography [64 
- 67]. PC-µCT combines the properties of SR-µCT and phase contrast techniques for simultaneous 
generation of phase contrast alongside the absorption contrast usually produced in SR-µCT. This 
technique is much more sensitive, especially to soft tissues, and can generate absorption images at 
greatly reduced absorbed doses; this method is more prevalent in bone and cartilage TE 
characterization [64-67]. 
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Fig. 2.3: Schematic diagram of part of a synchrotron radiation µCT imaging setup. Inset images illustrate the effect of X-ray 
propagation distance on inline phase contrast images (transition of absorption-contrast image to phase-contrast image by sample-
to-detector distance) [69].  
2.4. Applications of Synchrotron Imaging to Bone and Cartilage TE 
2.4.1 Potential Applications to Bone TE 
Bone tissues have high absorption coefficients, therefore making their imaging easier than for soft 
tissues. Several conventional non-invasive imaging methods, such as µCT, ultrasound, and MRI 
are commonly used for bone imaging and bone tissue engineering (BTE) applications [1, 3-4]. 
BTE requires delineation of surrounding soft tissues, knowledge of the degradation kinetics of the 
implanted construct, and bone remodeling profiles alongside host bone. Thus, imaging techniques 
with the capacity to simultaneously visualize both hard and soft materials with high and low 
absorption coefficients are in high demand. Synchrotron-based imaging methods provide 
information and possess different advantages above and beyond conventional imaging techniques. 
A summary of the advantages and disadvantages of synchrotron-based imaging techniques for TE 
applications is provided in Table 2.1. This information includes architectural properties, 
degradation kinetics of constructs, regenerated tissue quality as characterized by vascularization, 
and integration of the constructs with the surrounding host tissue. In the next section, we discuss 
the status and capabilities of synchrotron-based techniques used in BTE and conditions similar to 
those encountered in BTE. 
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2.4.1.1. Synchrotron Radiation Microcomputed Tomography 
SR-µCT is an absorption-based imaging technique that can be used for 3D quantitative and 
qualitative characterization of tissue properties at a spatial resolution even smaller than 1 mm [68]. 
It exhibits faster scanning time than laboratory µCT [65] and benefits from the advantages of 
synchrotron source X-rays [66-67]. SR-µCT has a demonstrated capacity to obtain 3D information 
about trabecular and cortical bone microarchitecture at a spatial resolution less than 10 mm [63, 
65]. SR-µCT has also been employed for 3D characterization of scaffold properties, such as pore 
connectivity, pore size, wall thickness, and anisotropy, as well as functional changes resulting from 
tissue regeneration [2, 69]. In fact, SR-µCT enables characterization of scaffold micro- and macro-
structures in a manner not possible with 2D scanning electron microscope (SEM) analysis [67].  
SR-µCT has been employed for bone imaging and scaffold characterization as well as in a 
few BTE studies. SR-µCT was used by Yue et al. [66] to identify scaffold morphology, mineral 
distribution within scaffold pores, and tissue in-growth in 4-week-old explants of a bioactive glass 
foam scaffold implanted between the muscle and tibia of a mouse (Fig. 2.4) [66]. In a similar study, 
SR-µCT was used to successfully identify scaffold architecture and bone ingrowth into cell-loaded 
hydroxyapatite scaffolds implanted in immunodeficient mice for 8 weeks. The bone ingrowth was 
estimated in terms of total volume fraction, distribution, and thickness of the newly formed bone 
tissue in the pores of the implant and the scaffold architecture in terms of porosity and spatial 
distribution of walls [70]. The same group explored the ability of SR-µCT to examine the 
progressive resorption of and bone ingrowth into scaffolds implanted in immunodeficient mice for 
longer repair times of 8, 16, or 24 weeks [71-72]. 
 
Fig. 2.4: SR-µCT images of a bioactive scaffold: (a) scaffold morphology and pores before implantation; (b) 4 weeks after 
implantation (ex vivo) between the muscle and tibia of a mouse showing changes in the scaffold and some tissue growing into the 
pores of the scaffold; and (c) calcium distribution within the scaffold [66].  
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The use of gold nanoparticles (GNPs) as contrast agents for enhancing X-ray attenuation in the 
region of interest using SR-µCT has also been investigated. In two recent studies, Astolfo et al. 
used SR-µCT to localize and track GNP-labeled cells [73-74]. In one of these studies, they 
investigated the increased sensitivity obtained from inclusion of GNPs ex vivo, by injecting GNP-
labeled gliomal cells into the brain of adult male Wistar rat for 16 days, and in vitro, by suspending 
the labeled cells in 5 % agarose gel [73]. The in vitro experiment demonstrated that the enhanced 
contrast enabled assessment of individual GNP-loaded cells along with the surrounding lacunae. 
Although the in vivo imaging resolution was four times lower and the number of projections was 
reduced compared with similar ex vivo imaging (to address the dose issue), it was still possible to 
localize the clusters of cells (Fig. 2.5). The latter study showed a reasonable compromise between 
dose and image resolution, which is the case in most longitudinal in vivo studies [74]. Although 
the application of SR-µCT to track the performance of labeled cells in TE constructs is yet to be 
investigated, successful results may be extrapolated to BTE for tracking tissue ingrowth into TE 
constructs [73-74]. 
 
Fig. 2.5: Gold nanoparticle-enhanced 3D rendered SR-µCT images showing the effect of varying spatial resolution: (A) low dose 
in vivo image and (B) high dose ex vivo image 3D, three-dimensional [74].  
Several studies have applied SR-µCT with great success to bone tissue imaging and the 
characterization of the functionality of scaffolds used in BTE [65-75]. However, the majority of 
these examinations focused on tissue samples or in vitro studies. This is mainly due to the high 
radiation dose coupled with large exposure times to achieve very high resolution. This trade-off 
should be satisfied when high quality and quantitative imaging is desired. The inclusion of 
nanoparticles as contrast agents may enhance tissue sensitivity even when spatial resolution is 
reduced [73-74]. Overall, SR-µCT is a suitable imaging technique for highly detailed (e.g. cellular 
level) qualitative and quantitative nondestructive characterization of constructs and tissue 
regrowth. However, due to the limitations associated with this technique, such as small sample 
size (less than 1 mm3), high radiation dose, and scanning time, candidate samples may be limited 
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to excised specimens and small animals (noninvasive in vivo imaging) [75]. 
2.4.1.2. Inline-PCI-CT (and PC-µCT) 
Even though applications of SR-µCT have been very successful regarding the 
characterization of scaffolds, bone, and bone growth kinetics [65 - 75], this technique is unable to 
clearly identify differences between several low-density tissues [66]. PC-µCT can be used to 
obtain phase-contrast images alongside ab-sorption contrast images of tissues. On one hand, its 
phase contrast provides sensitivity to poorly absorbing biological samples with low absorption 
contrast, such as soft tissues, such that it can differentiate various tissue types. On the other hand, 
its absorption contrast provides greater detail for tissues with high absorption contrast [8, 65]. 
Several groups have used PC-µCT or inline-PCI-CT to characterize bone tissues and the 
functionality of biomaterial scaffolds or constructs used in BTE. In one such study, inline-PC-µCT 
was used to identify different phases resulting from the organization of the extracellular matrix, 
from fibrils into net-works, formed within scaffolds seeded with stem cells after 15 days in culture 
[68]. Weiss et al. [75] used PC-µCT to examine the microstructure, bone ingrowth, mineralized 
and un-mineralized bone tissue network, and tissue-implant inter-face of an injectable bone 
substitute and macroporous blocks implanted in a rabbit model and reported results consistent with 
conventional 2D histomorphometric analysis [75]. Similarly, Sun et al. [84] successfully applied 
inline-PCI-CT and DEI to characterize the repair of osteonecrosis in rabbits using nano-
hydroxyapatite/collagen and autologous mesenchymal stem cells. Both techniques demonstrated 
identification of the biomaterial–host interface, bone tissue formation, and substitution of 
biomaterials with newly grown tissues over a period of 12 weeks [84]. In another study, SR-µCT 
and PC-µCT were investigated and com- pared regarding imaging bone in-growth coupled with 
angio- and micro-vasculogenesis. Although scaffold materials and mineralized bone were visible 
using both imaging techniques, PC-µCT provided information on the scaffold material, bone 
ingrowth, and vessel network resulting from microvasculogenesis (Fig. 2.6) [76]. 
During the bone remodeling stage of a tissue-engineered joint, certain details with low or similar 
densities are challenging to decipher using absorption-based imaging techniques, even at an 
optimum photon energy [66]. Phase contrast-based imaging is a potential technique for 
deciphering structural details and microvasculogenesis during tissue regeneration and remodeling. 
In addition to regeneration progress, inline-PC-µCT can decipher scaffold biodegradation kinetics 
and other non-bone surrounding tissues [68, 75-76]. Although SR-µCT is currently the most 
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prevalent technique used for bone imaging and BTE, inline-PC-µCT’s experimental simplicity, 
contrast resolution that is many orders of magnitude higher than the absorption contrast, and ability 
to decipher the growth of vessel networks resulting from angio- and micro-vasculogenesis, 
changes in scaffold material, and bone ingrowth may be attractive for BTE applications [65, 68, 
75-76]. 
PC-µCT may be an ideal technique for highly detailed (e.g., cellular level) qualitative and 
quantitative characterization of engineered constructs, hard and soft tissues re-growth in vitro, and 
tissue samples obtained from small animals. However, extrapolating this method for use in in vivo 
studies requires that certain trade-offs be made regarding image quality and absorbed radiation 
dose. With appropriate manipulations, inline-PCI-CT may be a better candidate than SR-µCT for 
the characterization of tissue-engineered repair in vivo in large animals [84]. 
Table 2.1: Advantages and disadvantages of commonly used synchrotron X-
ray imaging techniques 
 Advantages Disadvantages 
SR-µCT Simple experimental setup, Image pixel size of 
approximately 0.28 mm [66]; Predominantly 
used for ex vivo and in vitro, imaging of hard 
tissues, e.g. bone imaging [65 - 76] 
Cannot specifically identify tissue types [66]; 
High absorbed radiation dose due to high 
spatial resolution imaging 
Inline-PCI-
CT 
Simplest phase-sensitive imaging experimental 
setup. Edge enhancement for weakly absorbing 
materials, e.g., soft tissues [23-26].  
High energy, lower dose imaging, scatter 
production at high energy. Practical 
limitations with extreme propagation 
distances; infrastructure limitation. 
Inline-PC-
µCT 
Specific identification of tissue types [66]. 
Simple experimental setup [76]. Image pixel 
size of approximately 0.7 mm [73]. Excellent 
for soft and hard tissues imaging ex vivo and in 
vitro 
High absorbed radiation dose due to high 
resolution imaging; limitation for in vivo 
imaging. Heavy image data processing; 
requires data-intensive computing systems 
DEI Acquisition of absorption- and refraction-based 
contrast sensitive to small density change. 
Scatter free; enables higher energy, lower dose 
Imaging. Suitable for soft and hard tissue 
imaging. Suitable for thick object imaging in 
vivo, ex vivo, and in vitro [77-81] 
Does not compensate for USAXS; sensitive to 
only the vertical components of the refracted 
beam [37-39]. High sensitivity of the setup to 
motion, e.g. artifact production by object 
movement or analyze sensitivity to 
background physical noise. Requires at least 
two sets of scans; longer imaging time, patient  
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discomfort 
DPCI Large field of view (large sample) imaging. 
Acquisition of differential phase, USAXS, and 
absorption contrasts [47]. Use of low-brilliance 
polychromatic X-ray Sources [16, 45] 
Limited angular acceptance of the beam; 
grating apertures are longer in the X-ray 
propagation direction than in the vertical 
direction. Sensitive to vibration as aperture 
dimensions are very small. Field of view is 
limited by grating’s manufacturing 
Process [47]. 
CAXPCI Use divergent, polychromatic, and 
commercially available X-ray sources and area 
detectors; easier transfer to clinical application. 
Unwanted beams are removed before the beam 
passes through the sample; lower radiation 
dose imaging [48-50]. 
Difficulties with increasing the source-to-
detector distance beyond 1 m for clinical 
systems; challenges with providing the major 
beam requirement of coherency. 
KES-CT Quantitative and qualitative imaging of very 
low absorbing or refracting objects (i.e. cells). 
Identification and quantitative separation of 
different components of the object, e.g. 
contrast material, bone, and soft tissues [60]. 
Reliance on contrast materials; exogenous and 
risk of cytotoxicity. Requires two sets of 
scans; longer imaging time, patient discomfort
  
DFI No background illumination. Detection of 
differences in microscopic density fluctuations 
in soft tissues. Suitable for soft tissue imaging 
[15, 82, 83] 
High radiation dose than inline-PCI and 
absorption imaging [82]. 
CAXPCI, coded-aperture phase-contrast imaging; DEI, diffraction-enhanced imaging; DFI, dark field imaging; DPCI, 
differential phase contrast imaging; KES-CT, K-edge subtraction computed tomography; PC-µCT, phase contrast 
microcomputed tomography; SR-µCT, synchrotron radiation microcomputed tomography; USAXS, ultra-small-angle X-ray 
scattering. 
2.4.1.1. Diffraction-Enhanced Imaging 
Excellent scatter rejection and the ability to separate apparent absorption contrast (vs. extinction 
contrast) and refraction contrast are advantages of DEI over conventional X-ray imaging methods. 
As such, researchers have used this method for imaging bone [93], the bone-cartilage interface 
[94] and BTE applications [70]. Cooper et al. successfully used DEI to characterize trabecular 
bone architecture in human cadaveric radii, forearm, and hand within intact tissues [93]. DEI 
provided information about boundaries between bone tissues with differing refractive indices: 
inter-individual differences in trabecular texture, cortical pores, and resorption spaces associated 
with newly forming osteons. They concluded that DEI may be suitable for the detection of early 
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changes associated with bone loss [93]. Connor et al. report increased contrast for imaging 
interfaces and contrast-to-noise-ratio gain using DEI compared with SR radiography in their study 
of interface gaps when titanium pins were implanted into bone defects [95-96]. Similarly, DEI and 
inline-PCI-CT used as complementary techniques enabled the characterization of osteonecrosis 
repair [84]. In fact, the image details showed the boundary of the bone graft and the trabecular 
network (Fig. 2.7) [84]. Although DEI is not a currently prominent characterization technique in 
BTE, refraction images obtained alongside the apparent absorption images from DEI can provide 
additional information about the functionality of the constructs and the quality of their integration 
with host tissues [22]. 
 
Fig. 2.6: (A) Three-dimensional SR-µCT image showing scaffold material as white and bone ingrowth as brown 24 weeks post-
implantation in immu-nodeficient mouse; (B) 3D PC-µCT image showing scaffold material in white, bone ingrowth in brown, and 
vessel ingrowth in green at 24 weeks post-implantation in immunodeficient mice; and (C) magnified image of identified region in 
 44 
 
(B) [79].  
 
Fig. 2.7: Visualization of tissue engineered osteonecrosis repair using inline-PCI (A, B) and DEI (C, D) as complementary imaging 
techniques; bone defect re-pair at 8 weeks (A, C) and 12 weeks (B, D) post-operation [84]. Black arrows show the boundary of the 
bone graft area with sur-rounding tissue.  
2.4.1.2. K-Edge Subtraction/K-Edge Subtraction Computed Tomography 
Researchers have evaluated KES for applications to mammography, coronary angiography, and 
cancer cell imaging [53-54, 58-60]. However, the potential of KES (or KES-CT) for TE 
applications has not been considered. The ability of KES to differentiate between materials with 
varying attenuation coefficients and isolate these different attenuations makes it attractive for 
quantitative imaging of bone tissue-engineered scaffolds, possibly new tissue ingrowth, and 
surrounding bone tissue. Though the method is yet to be investigated for any TE application, 
including bone, Cooper et al. recently investigated the principle in a rat specimen treated with 
strontium (Sr) ranelate [60]. They reported that they could trace Sr uptake within the micro-
architectural features of vertebrae (Fig. 2.8). Comparison of the Sr map obtained by KES-CT and 
electron probe microanalysis showed a slightly lower concentration of Sr in the KES-CT (1.36 % 
to 2 % by mass) data (Fig. 2.8). However, KES-CT is nondestructive and may be preferable 
regarding preserving the sample and enabling mapping of the bone formed over the dosing period 
[60]. Although this study was not directed toward BTE, it demonstrates the potential of this method 
for tracking and enhancing bone growth in BTE using Sr as a contrast agent and North American 
nutraceutical Sr supplements for osteoporosis [60]. 
In summary, studies to date show that different SR imaging techniques offer great potential for 
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BTE applications. They can aid in making advances in current TE studies as well as future 
extensions of TE studies to longitudinal in vivo animal and clinical studies. For live animal 
imaging, currently available methods should be improved to reveal detailed information about 
bone ingrowth, scaffold degradation kinetics, and interaction with surrounding tissues at a lower 
radiation dose. Ex vivo BTE imaging would be highly valuable for optimization of scaffold 
properties and design to better repair bone damage. However, determining the appropriate trade-
offs to positively contribute to the advancement of these techniques toward safe and long-term 
characterization in BTE for in vivo studies is crucial. 
 
Fig. 2.8: (A) Volumetric 3D KES images showing the uptake of Sr and the trabecular, cortical, and periosteal bone 
remodeling/growth; (B) magnified image of identified region used for comparison of the distribution of Sr by KES and electron 
probe microanalysis (EPMA) [60].  
2.4.2 Potential Applications to Cartilage TE 
The high-water content and low density of cartilage tissue produces negligible X-ray 
attenuations that limit its visualization using conventional absorption-based X-ray imaging 
techniques [6, 68]. MRI is commonly used to examine cartilage and to identify damage and loss 
of tissue without contrast media [6]. Nevertheless, the poor spatial resolution of MRI and inability 
to resolve specific tissue types when compared with synchrotron-based techniques is the 
bottleneck of this modality [6, 34]. Synchrotron imaging techniques were initially investigated due 
to the demand for superior imaging techniques for early and accurate diagnosis of cartilage damage 
and disease, such as the detection of osteoarthritis (OA) in its early stages. As such, most studies 
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in the literature have concentrated on synchrotron imaging techniques for the visualization and 
characterization of healthy and damaged / diseased cartilage tissue as well as the cartilage–bone 
interface. A review of these studies, in addition to the few studies that investigated techniques for 
cartilage TE, will inform and provide a better understanding about the potential and limitations of 
these techniques for cartilage TE applications. 
2.4.2.1. Inline-PCI (and PC-µCT) 
The simplicity of implementation, provision of outstanding contrast of less dense samples without 
the use of contrast agents, and edge enhancement are notable advantages of inline-PCI. Inline-PCI 
is a powerful tool for characterization of the cell-scaffold matrix, new tissue ingrowth, and bone–
cartilage interface where the refractive indices vary greatly [6, 25, 28]. The combination of inline-
PCI with either CT or µCT has been studied for 3D visualization of articular cartilage [6, 17]. One 
such study, conducted by Ismail and colleagues, used a bench-top microfocus X-ray source with 
polychromatic, incoherent X-rays as well as synchrotron coherent X-rays to examine the cartilage–
bone interface and different zones of cartilage [6]. They recorded edge enhancement, especially 
using synchrotron X-rays, which was sufficient to visualize low density cartilage and the cartilage–
bone interface with transitional zones from the articulating surface down to subchondral bone [6]. 
In a similar study, Zehbe et al. [85] used PC-µCT for 3D qualitative and quantitative 
characterization of articular cartilage; the 3D rendered images revealed information which was 
superior to that obtained from conventional serial histology (Fig. 2.9). Using the 3D images, 
various tissues under physiological and pathological conditions were differentiated. In addition, 
tissue structure and cellular level changes, such as spatial cell density and the shape and orientation 
of the lacunae inside the soft tissues, were quantified without destruction of the tissues [85]. Using 
high-resolution PCI, Choi et al. [89] characterized the microstructural features of healthy cartilage 
as well as inflammatory and pathological changes in the arthritic joint of mice in vivo, also showing 
results comparable to those of micro-CT or histological analysis. 
2.4.2.2. Synchrotron Radiation Microcomputed Tomography 
Tissue-engineered scaffolds have also been characterized using SR X-ray imaging techniques 
[85-87, 97-98]. In studies using SR-µCT, a quantitative description and information about the 
scaffold microstructure and/or cell clusters in culture or in 3D scaffolds were obtained. Due to the 
light element constituents of cells (water), contrast agent staining, that is, Au-lysine and silver 
enhancer, were used to increase the contrast between cells and the surrounding medium in 
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absorption-based imaging [98]. In a similar manner, using SR-µCT yielded good results regarding 
the visualization of chondrocytes embedded in a porous gelatin scaffold and physical properties of 
the scaffold including porosity, surface area, circulation, and pore directionality (width and height 
of pores) [88]. Although most reported studies concentrate on in vitro examinations, the techniques 
and ideas used may be extrapolated to the visualization of tissue-engineered repair in exercised 
tissue samples and future in vivo applications. Like BTE, SR-µCT is more applicable to high 
resolution, detailed ex vivo investigations of tissue-engineered scaffolds and constructs, which are 
used to evaluate excised scaffolds or tissue constructs for improving TE strategies. 
 
Fig. 2.9: Images showing cellular in-formation from the frontal lacuna in the soft tissue of an articular cartilage (a) original scanning 
electron micro-scope image from histological tissue; (b) region of interest containing lacuna doublet with chondrocytes in the 
centers from histological tissue; (c) similar sliced image data from inline-PC-µCT; (d) 3D rendering of (c); and (e) quantitative 
analysis of cell density from inline-PC-µCT (adapted from Zehbe et al. [85]).  
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2.4.2.3. X-ray Interferometry 
X-ray interferometry is commonly used for characterizing variations in micro-
calcifications, fat, blood vessels, and soft tissues. It has been reported to be beneficial for the early 
detection of breast cancer, colon cancer, necrosis, and kidney disease [13, 29]. X-ray 
interferometry is suitable for deciphering minute variations in densities within less dense soft 
tissues such as cartilage [77, 108]. While little is known about the application of X- ray 
interferometry to cartilage TE, this method has great potential for TE applications, especially for 
the delineation of variations in soft tissues resulting from new tissue growth. However, the heat 
radiated from the body can de-form the interferometer, as samples are typically placed close to the 
crystal lamellae [28]. In addition, this method may be unsuitable for resolving objects with sharp 
soft-hard tissue structural boundaries with a large refractive index difference, such as the bone–
cartilage interface or implant-host interface [28]. The good news is that researchers have continued 
to explore the method and have recently reported some progress [108]. 
2.4.2.4. Diffraction-Enhanced Imaging 
DEI is capable of scatter rejection, is sensitive to density differences in tissues, can be 
optimized through varying the analyzer angular setting without increasing the radiation dose, and 
provides multiple types of information such as absorption, refraction, and extinction images [99]. 
Hence, this method is promising for the 3D characterization of microstructural properties of 
regions with varying densities, especially in low X-ray absorbing materials such as native and 
tissue-engineered cartilage. DEI has been used to visualize cartilage tissue with appreciable 
structural detail in both ex vivo [77-79] and in situ samples [17, 80-81]. High levels of detail in the 
cartilage structure, such as the structural organization of collagen fiber bundles within the articular 
cartilage, have been revealed using a DEI system [98]. Issever et al. reported the visualization of 
cartilage matrix, including changes in hypodensities that were strongly hypothesized to be 
chondrocyte lacunes [77]. Similarly, Wagner et al. used color-coding DEI to explore the internal 
structure of healthy and pathological joints. In their study, a comparison of DEI with MRI showed 
that the same level of structural detail may be revealed by MRI but only after a much-prolonged 
exposure which might not be practical with a patient [79]. Muehleman et al. differentiated stages 
of a cartilage lesion from a normal state to a down-to-bone erosion state in intact canine joints in 
situ using a DEI system [80].  
The high spatial resolution combined with the refraction-based mechanism of DEI enabled 
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visualization of early-stage cartilage degeneration and defects in intact human knee and ankle 
joints in situ [80]. These results were further confirmed by histological and gross analysis.81 AB-
PCI was also used for the characterization of osteoarthritic and normal cartilage matrices both ex 
vivo and in vivo [40, 91-92]. In fact, the investigated technique enabled quantitative and qualitative 
characterization of the zonal pattern in the cartilage matrix, zonal thicknesses, chondrocyte 
homogeneity and alignment, and matrix fibrillation (Fig. 2.10 B, C) [91]. Coan et al. tested this 
imaging modality on in vivo samples and observed a high level of contrast for depicting anatomic 
structural details and pathological features of an osteoarthritic articular joint [92]. Similarly, Li et 
al. imaged intact human knee and obtained structural details such as cartilage tissue, cruciate 
ligaments, loose connective tissue, menisci, and chondrocalcinosis (Fig. 2.10 A) [40]. 
 
Fig. 2.10: (A) AB imaging of cadaveric human knee joint showing enhanced contrast imaging of soft tissues and bone with 
structural de-tails in situ [40] and (B) AB-CT imaging of cartilage specimen ex vivo, with zonal structural detail comparable to (C) 
histological analysis [91]. Arrows in B, C are pointing at the same locations in both images to compare visibility of minute details.  
Researchers have conducted extensive studies in cartilage imaging and diagnosis of 
cartilage disease using DEI and ABI. However, very few studies have explored the potential of 
DEI and ABI for characterization in cartilage TE. DEI-CT has proven to be ideal for visualizing 
thick TE sections and samples with varying densities and tissue types, such as scaffolds, OA 
affected cartilage, and newly regenerated tissue. In a recent study, Izadifar et al. characterized TE 
scaffolds implanted in the knee cartilage of a piglet joint using DEI-CT, inline-PCI-CT, and MRI 
[17]. The results demonstrate the superiority of DEI-CT over inline-PCI-CT and MRI (Fig. 2.11 
A-C) for imaging TE scaffolds in situ. The results also show that DEI-CT could effectively 
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delineate the cartilage microstructures and track the scaffolds and different soft tissues surrounding 
the joint better than the other two methods (Fig. 2.11 D) [17]. In a similar study by Zhu et al., DEI 
was compared with laboratory-based radiography, SR-radiography, and inline-PCI at the same 
energy [18]. Their results show that DEI offered better structural and microstructural quantification 
of soft tissues over the other three methods because of its ability to reject X-ray scatter [18]. DEI 
and ABI are not only capable of providing information about cartilage, bone, and scaffolds present 
in the joints, but may also offer supportive information about surrounding tissues such as tendons, 
ligaments, adipose pads, and skin [17, 40]. DEI image quality may be enhanced without changing 
the resolution but rather by changing positions on the RC. In addition, DEI produces absorption, 
extinction, and refraction contrasts that translate into more information than what is obtainable 
from normal absorption-based imaging. Thus, DEI can facilitate noninvasive in vivo studies of 3D 
tissue-engineered constructs, cartilage ingrowth into the constructs, and surrounding hard and soft 
tissues in living animal models, and thus demonstrates potential for future clinical studies. 
 
Fig. 2.11: Images of scaffolds implanted in the lateral femoral cartilage of a piglet stifle joint, with arrows showing the position of 
the scaffolds: (A) inline-phase-contrast CT acquired at 37 mm; (B) DEI-CT acquired at 37 mm; and (C) magnetic resonance 
imaging acquired at 310 mm. (D) Tissues visible in the DEI images [17]. 
2.4.2.5. Dark-Feld Imaging 
DFI with an asymmetric-cut monochromator with Bragg geometry and a Laue-case analyzer 
crystal has also been investigated for cartilage visualization. The absence of background 
illumination caused by non-refracted X-rays, its simplicity when compared with DEI, and its single 
exposure imaging capability enables DFI to be used to obtain higher refraction-based image 
contrast and minute details of soft tissues such as cartilages [15, 41-43, 82-83]. Ando et al. 
examined the morphology of articular cartilage at a femoral head and a shoulder in a human 
cadaver under simulated clinical imaging conditions using DFI and ordinary X-ray absorption 
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imaging [82]. Their results (Fig. 2.12 a, b) obtained using DFI clearly depict the cartilage region 
better than an ordinary absorption X-ray image. Interestingly, they concluded that DFI possesses 
clinical potential for accurate assessment of articular cartilage and associated disorders [82]. 
Despite little being known about the use of DFI for TE applications, its single exposure imaging 
principle, clinical potential, and ability to simultaneously image both cartilage and subchondral 
bone demonstrate promise for TE applications involving many tissue types. Useful imaging 
specifications and parameters employed in the earlier studies for imaging cartilage and bone tissues 
and /or engineered constructs are summarized in Table 2.2 for interested readers. 
 
Fig. 2.12: (a) DFI image clearly showing the articular cartilage of a human femur joint immersed in water to mimic clinical 
conditions; (b) ordinary X-ray absorption image of the same femur joint; and (c) image of the distal end of a human femur immersed 
in formalin clearly showing the articular cartilage and femoral condyle [82]. 
2.5. Research Issues and Future Directions 
The inherent advantages of a synchrotron light source help overcome numerous intrinsic 
limitations of conventional imaging systems, such as poor spatial resolution, soft tissue contrast 
deficiency, X-ray filtration, high absorbed dose, several modality-specific artifacts, and so on [7, 
64]. Enhancing the capability of SR-based imaging techniques to effectively visualize scaffolds 
designed to aid tissue regeneration ex vivo and to enable progressive monitoring of the associated 
growth and construct degradation kinetics in living animals is a necessity. In the next section, we 
discuss issues and areas that require further development to make SR-based techniques effective 
for TE applications. 
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2.5.1. Contrast Media as Sensitivity Enhancer 
The use of staining or contrast-enhanced media for enhancement of in vivo 3D visualization 
of tissues and cells architecture has been investigated with CT and MRI for angiography, 
mammography, and TE applications [101 - 102]. Due to its tunability (i.e., ability to select precise 
energies above and below the absorption edge of the contrast media of interest), contrast-enhanced 
KES may offer enhanced sensitivity for visualization and quantification of the complex 3D 
morphology and microarchitecture of soft and hard tissues. The effectiveness of KES has been 
evaluated for applications to mammography, coronary angiography, and cancer cell imaging [52, 
57, 59]. However, the potential of KES (or KES-CT) for TE applications has not been considered.  
Labeling scaffolds or cells with bioinert contrast media with a K-edge energy in the range 
used in SR-biomedical imaging may improve the sensitivity for tracking cells, new tissue growth, 
and scaffold degradation kinetics. In some cases, contrast agents may also exert beneficial 
biochemical effects that may enhance cellular activity. For instance, both Sr- and barium-based 
materials have been studied as contrast media for KES. Interestingly, they have also been re-ported 
to influence cellular activity, material dissolution rate, bone remodeling, and provision of non-
bridging oxy-gen that may optimize new tissue growth [60, 102-103]. Un-fortunately, Cooper et 
al.  noted that the relatively low K-edge of Sr (16.105 keV) may be a limitation, as this energy is 
lower than for most biomedical imaging methods [60]. 
The use of GNPs as a contrast media to enhance SR-µCT has also been considered [73-
74]. Astolfo et al. report that the presence of GNPs facilitates a reduction in spatial resolution 
while maintaining the ability to localize the area of interest with acceptable image quality [74]. 
Functionalized GNPs have also been reported to promote cell attachment, which is beneficial to 
TE applications [103]. 
2.5.2. Combining Synchrotron Techniques 
To optimize the properties of constructs used in bone and cartilage TE, researchers often 
examine the functionality of their constructs in animal models. Even though longitudinal 
progressive monitoring of the functionality of the constructs is most desirable, they usually 
characterize the tis-sue ingrowth and properties of the implanted construct ex vivo. One of the 
prevalent techniques for examining excised samples is 2D SEM analysis [67]. SR techniques have 
different and interesting properties that may provide 3D cellular-level details in a manner 
comparable to SEM [67]. For example, inline-PCI has a faster acquisition time, a simpler setup, 
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and can offer nondestructive details of thin soft tissues [66]. DEI can effectively delineate thick 
samples with regions containing varying densities, including soft and hard tissues, and provide 
refraction, absorption, and extinction contrasts [17]. Contrast-enhanced KES-CT or three-energy 
KES may improve sensitivity and enable characterization of construct degradation kinetics or 
tissue ingrowth. This may consequently enable effective delineation of the source of the newly 
growing tissues, that is, if they are from the host tissues or introduced labelled cells. Based on the 
capabilities of the different methods and the information obtainable, these methods can be 
combined for quantitative and qualitative examination of excised samples. Complementary use of 
DEI and inline-PCI-CT has been used to enable characterization of osteonecrosis repair [84]. 
Although using two SR-based imaging methods may provide more information about construct 
performance and the quality of integration of constructs with host tissues, this is only advisable for 
excised samples due to radiation dose and long exposure times posing risks to live animals and 
humans. However, the use of a source with a high flux and brightness, as discussed next, may 
serve to significantly reduce these concerns [12].  
2.5.3. Toward Laboratory and Clinical Applications of Synchrotron 
Techniques in TE 
Despite synchrotron light’s interesting advantages, the scarcity of sources, their 
unavailability for routine clinical use, high costs, and associated complex instrumentation are 
challenges for researchers [48]. Researchers have engaged in the development of lab-based 
microfocus X-ray sources that have excellent sensitivity and increased contrast-to-noise ratio and 
which are suitable for clinical and biomedical applications [16, 45-49, 105]. Wilkins and 
colleagues reported one of the earliest implementations of lab-based inline-PCI [24], and 
successful implementations have since then been re-ported by many others [105-106]. Researchers 
have also developed DPCI with a conventional X-ray source and imaging detector [45-47, 107]. 
Furthermore, research regarding CAXPCI has focused primarily on the use of conventional X-ray 
sources and area detectors for laboratory or clinical PCI [48 - 50]. Though massive efforts have 
been directed toward the development of clinical PCI, to the best of the authors’ knowledge, this 
progress is still best described as ‘‘moving towards,’’ and we look forward to commercialization 
of such systems [107]. Challenges that have limited the clinical implementation of PCI include 
beam-hardening artifacts and differential phase clipping [106, 109]. Furthermore, the gantry of 
clinically used X-ray imaging systems cannot practically be lengthened beyond 1 meter; however, 
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a longer source-to-detector distance is important for effective phase contrast [49]. The trade-off 
between image quality, exposure time, and absorbed dose is also a factor to be carefully considered 
for the clinical use of PCI methods [48]. 
2.5.4. Influence of Synchrotron Source 
Flux and brilliance are the major markers of X-ray beam quality and vary from one 
synchrotron facility to another. The use of high-energy and high-brilliance sources generates a 
range of X-rays that comprise a hard and highly penetrating beam which is critical for biomedical 
imaging [12, 109]. For progression to higher brightness, insertion devices such as a wiggler or 
undulator with the capability to optimize brilliance (number of photons / second / solid angle 
bandwidth) by many orders of magnitude when compared with bending magnets may be used [12]. 
These increments in brightness mostly depend on the electron beam size, angular distribution, or 
excursion angle and may notably de-crease the exposure time and dose used for experiments [12]. 
Hence, the use of insertion devices to boost brightness will facilitate the use of synchrotron sources 
for imaging live animals and possibly humans, optimize image quality, and reduce the exposure 
time and dose [12, 109]. 
Table 2.2: Summary of imaging parameters used for synchrotron radiation-based imaging 
of engineered constructs or bone and cartilage tissues 
Technique X-ray 
source / 
Imaging 
Energy 
Sample 
condition  
Spatial 
resolution 
(µm) 
 
Field of 
view 
Exposure 
time 
Dose 
rate 
References Segmentation / 
3D rendering 
SR-µCT Synchrotron 
/ 9–27 keV 
Excised: 
fresh / 
freeze-
dried 
1.4–5 
 
2–10 mm 
 
0.7–3 s 
 
 [66, 67, 70, 
74, 85-88] 
 
Histogram-, 
Gaussian-, 
intensity-, 
threshold-based 
segmentation 
Inline-PCI Benchtop 
(X-ray tube) 
/ 7-40 keV 
Excised: 
thin 
sections 
13 
 
 1 min 
 
 [6] 3Drendering: 
OsiriX v. 3.0, 
VGStudio 
MAX v. 
1.2.1, 
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AMIRA 5.2, 
ImageJ 
 
Inline-PCI Synchrotron 
/7-40 keV 
Excised: 
fresh / in 
vivo 
1.48–37 
 
1.18–4 
X 0.89 - 
74 mm2 
 
25 ms–2.5 
s 
 
1.6–3 
Gy/s 
 
[6, 17, 89] 
 
Histogram-
based 
segmentation; 
3D rendering: 
Avizo 
DEI-CT Synchrotron 
/ 17 - 50 
keV 
Excised: 
fresh / 
fixed 
3.6–50 
 
4 mm 
(vertical) 
x 74 mm 
3.5–7 s 
 
 
0.8 - 3 Gy 
(total); 
0.01–
0.34 
mGy/s 
[17, 77-79, 
81, 90] 
 
Histogram-
based 
segmentation; 
3D rendering: 
Avizo 
 
AB-PCI 
Synchrotron 
/ 26-52 keV 
Excosed: 
fixed / in 
vivo 
8–47 
 
9 x 9 cm2 
 
0.5 s-
planar 
imaging; 
67 ms/ 
projection  
20 mGy–
0.2 Gy 
(total); 
0.3 
mGy/s 
[91, 92] 
 
 
AB-PCI, analyzer-based phase-contrast imaging; 3D, three-dimensional. 
2.6. Conclusions 
This review reports on technological developments, ad-vantages, applications, and the 
potential of SR-based X-ray imaging techniques for bone and cartilage TE. SR-based imaging 
techniques are evolving as robust assessment techniques for TE as well as biomedical applications, 
in general, and could offer advantages over currently used evaluation techniques. For the high 
spatial resolution and quantitative imaging required for the characterization of engineered 
scaffolds and tissue growth ex vivo and in vitro, this review suggests exploring high-resolution SR-
based imaging methods or combining different but complementary SR-based techniques. Using 
SR-based methods for the characterization of engineered scaffolds and tissue growth in vivo 
requires strategic adaptations or trade-offs; for example, enabling the acquisition of acceptable 
image quality at reduced radiation dose. In this regard, nanoparticles can be employed as contrast 
agents, the photon flux and brilliance can be increased, and the employed imaging technique can 
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be modified, such as is done in AB-PCI compared with standard DEI. Although the use of SR-
based imaging techniques is not yet as prevalent in TE as in biomedical imaging, representative 
examples of biomedical imaging applications of SR-based techniques are promising. The results 
from these works can be extrapolated to TE and used as a guide for tissue engineers regarding 
choosing the right technique to suit their specific applications. 
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Chapter 3: Using Synchrotron Radiation Inline-Phase-Contrast 
Imaging Computed Tomography to Visualize Three-
Dimensional Printed Hybrid Constructs for Cartilage Tissue 
Engineering 
This chapter was adopted from the publication of “Olubamiji AD, Izadifar Z, Zhu N, 
Chang T, Chen X, Eames BF. Using synchrotron radiation inline phase-contrast imaging 
computed tomography to visualize three-dimensional printed hybrid constructs for cartilage 
tissue engineering. Journal of Synchrotron Radiation 23.3 (2016):802-12”. Per the 
Copyright Agreement, "the authors retain the right to include the journal article, in full or in 
part, in a thesis or dissertation". 
3.1. Abstract 
SR-inline-PCI-CT offers great potential for non-invasive characterization and three-
dimensional visualization of fine features in weakly absorbing materials and tissues. For 
cartilage tissue engineering, the biomaterials and any associated cartilage extracellular matrix 
(ECM) that is secreted over time are difficult to image using conventional absorption-based 
imaging techniques. For example, three-dimensional printed PCL/alginate/cell hybrid 
constructs have low, but different, refractive indices and thicknesses. This paper presents a study 
on the optimization and utilization of inline-PCI-CT for visualizing the components of three-
dimensional printed PCL/alginate/cell hybrid constructs for cartilage tissue engineering. First, 
histological analysis using alcian blue staining and immunofluorescent staining assessed the 
secretion of sulfated GAGs and Col2 in the cell-laden hybrid constructs over time. Second, 
optimization of inline-PCI-CT was performed by investigating three SDD: 0.25 m, 1 m and 3 
m. Then, the optimal SDD was utilized to visualize structural changes in the constructs over a 
42-day culture period. The results showed that there was progressive secretion of cartilage-
specific ECM by ATDC5 cells in the hybrid constructs over time. An SDD of 3 m provided 
edge- enhancement fringes that enabled simultaneous visualization of all components of hybrid 
constructs in aqueous solution. Structural changes that might reflect formation of ECM also 
were evident in SR-inline-PCI-CT images. Summarily, SR-inline-PCI-CT images captured at 
the optimized SDD enables visualization of the different components in hybrid cartilage 
constructs over a 42-day culture period.  
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3.2. Introduction  
Three-dimensional (3D)-printed hybrid constructs fabricated from PCL, alginate hydrogel 
and living cells can mimic the multi-composite and biphasic nature of articular cartilage. 
Therefore, they have attracted attention for CTE applications [1-3]. However, PCL, alginate 
hydrogel and embedded cells found in these hybrid constructs have low but different refractive 
indices and thicknesses. Alginate hydrogel is a hydrophilic, anionic polysaccharide comprised 
of 97.5 % water, while the PCL component is a hydrophobic, polyester-based solid. 
Furthermore, newly forming cartilage tissues are often not as thick as native articular cartilage. 
These features make it challenging to non-invasively characterize architecture of the different 
components of these constructs, let alone progression of associated tissue growth within the 
constructs in a fluid-filled environment, without the use of contrast agent [4-6]. Histological 
examinations complemented by 2D imaging techniques are used typically for standard 
quantitative and qualitative assessments of tissue-engineered constructs [7-9]. Unfortunately, 
histological examinations are invasive and destructive, involving chemical fixation, paraffin- 
or resin-embedding and sample staining, all of which might introduce artifacts. Therefore, these 
methods are not suitable for 3D, non-invasive and longitudinal monitoring of material 
degradation or cartilage growth of engineered constructs in live animals. 
Three-dimensional optical imaging techniques, such as confocal microscopy, optical 
coherence tomography and Raman spectroscopy, have been explored as alternatives to two-
dimensional analysis for tissue engineering applications [10-13]. However, penetration depth 
and the need for contrast agents to enhance sensitivity have placed limitations on these methods 
for CTE applications [6]. Currently, MRI is the prevalent non-invasive imaging technique to 
characterize cartilage, scaffolds and associated tissue growth [14-18]. Nevertheless, MRI 
cannot provide three-dimensional microstructure [16], owing to limited spatial and temporal 
resolution, and cannot resolve well multi-density samples, such as partly hydrophobic and 
partly hydrophilic samples. For example, even a 17.6 T MRI scanner could not visualize 
microstructural features of an alginate-based, highly anisotropic capillary hydrogel in the 
injured spinal cord [16]. Other non-invasive techniques, such as X-ray µCT enable high-
resolution imaging of scaffolds with high refractive indices [19], but µCT provides poor 
imaging contrast of samples with low refractive indices and high water content, such as alginate 
hydrogel [20]. 
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SR-inline-PCI-CT enables three-dimensional, non-invasive characterization of tissues and 
constructs with weak X-ray absorption and low refractive indices, making it very useful for 
CTE applications [5, 17, 21, 28]. Compared with conventional X-ray absorption imaging 
techniques, inline-PCI provides an imaging signal due to refraction (i.e. a phase shift in the 
transmitted X-rays) that is up to 1000 times greater [22]. Taking advantage of high lateral 
(spatial) coherence, the advanced refraction-based   X-ray   imaging   technique   uses   an edge-
enhancement property to characterize interfaces between different materials (e.g. PCL, alginate 
hydrogel, cartilage tissue and surroundings) [23]. Critical    for CTE research, inline-PCI can 
characterize low-density scaffolds and soft tissues [17, 25, 29]. However, its capability for 
delineation of fine details was declared inferior to other phase-contrast based methods, such as 
diffraction-enhanced imaging [5, 17, 25]. Contrast agents, which may affect the functionality 
of cells in CTE, were used in some cases to enhance imaging contrast of inline-PCI for 
characterization of samples with low refractive indices [4]. Mainly, inline-PCI-CT has been 
used to visualize samples with a high refractive index, such as bone [5-6]. Inspired by these 
previous studies, we hypothesize that inline-PCI can be optimized for characterization of 
samples with a low refractive index, a critical issue for monitoring the successful application of 
soft-tissue engineering. 
In principle, the X-ray source and the SDD play important roles in achieving high spatial 
coherence of the incident X-rays [26-28, 30]. With focus on the effect of SDD, the SDD should 
fall in the Fresnel zone, a region between near-field and Fraunhofer zones, to achieve excellent 
spatial coherence and diffraction   fringes [23]. Fresnel diffraction fringes become visible as 
you progress from the near field to the Fresnel zone, causing edge enhancement at interfaces of 
different sample components and increasing image contrast. Moreover, penumbral blurring and 
degradation of image quality occur on progression from the Fresnel to the Fraunhofer zone [23, 
26-28]. Refractive indices and thickness of the sample, pixel size of the detector, and the 
imaging energy used for acquiring SR-inline-PCI images also determine the optimum SDD, 
and may contribute to the shift in SDD at which blurriness starts to occur [24]. 
A few studies have explored the SDD as a key parameter for optimization of inline-PCI for 
imaging of samples with varying densities and refractive indices. The SDD used for image 
acquisition determines whether the image contrast obtainable will be absorption or phase 
contrast [25]. For example, for a PLLA/chitosan scaffold imaged in air at 20 keV, an SDD of 2 
 70 
 
cm was identified as the absorption- based imaging region and an SDD of 72 cm was identified 
as the phase-based imaging region [25]. Sets of nylon threads imaged at 12 keV, 11 mm pixel 
size and SDDs ranging from 0 m to 1.63 m demonstrated that edge contrast    at 0.4 m could 
delineate fine structural details, which became vague at a 1.155 m or higher SDD [24]. 
Similarly, imaging of mouse lung ‘speckles’, a low-density tissue, at 30 keV, 6.5 mm pixel size 
and four different SDDs in the range 0.25 m – 5.98 m demonstrated that SDDs in the range 1–
4 m was effective [27]. The confirmation of effects of SDD on the phase contrast and spatial 
coherence of X-rays, on edge enhancement at interfaces of materials within samples, and 
consequently on image quality by these studies were explicit and convincing. However, most 
of these samples were imaged in air, which resulted in excellent phase contrast and, thereby, 
making it easier to delineate material interfaces. Imaging low- density materials surrounded by 
fluid or tissues of similar density or X-ray attenuation is challenging. Specifically, for hybrid 
cartilage constructs, immersion in fluid makes the generation of huge phase contrast within the 
biomaterials difficult, because the attenuation coefficients of PCL, alginate hydrogel (with 97.5 
% water content) and growing cartilage- specific ECM are all low and close to that of water. 
Coupled with that, optimization of the SDD for inline-PCI-CT characterization of material 
degradation or tissue growth during engineering of cartilage tissues has not been carried   out. 
In the present study, we printed multi-density hybrid constructs, comprising PCL and 
chondrocyte-impregnated alginate hydrogel, and cultured them up to 42 days in vitro. Cell 
viability as well as secretion of sulfated GAGs and Col2, which are produced by chondrocytes 
during the formation of hyaline cartilage [37], were analyzed over time of culture. Then, we 
optimized inline-PCI-CT for visualization of multi-density hybrid constructs in fluid (to better 
mimic non-invasive assessment in a physiological condition) by varying the SDD from 0.25 to 
3 m. The most suitable SDD was utilized for characterization of the overall architecture and 
structural changes, which might be due to secretion of cartilage-specific ECM, in the hybrid 
constructs over 42 days of culture. Our findings demonstrate the utility of SR-inline-PCI-CT 
for non-invasive monitoring of soft tissues, especially for CTE applications. 
3.3. Materials and Methods 
 Design and Biofabrication of PCL/alginate/ATDC5 Cells Constructs 
Using the Magics Envisiontec (v13, Materialize, Belgium) software, we designed two 
computer-aided-design (CAD) models to be made from PCL and alginate hydrogel–cell 
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mixture, respectively, and combined them together to create one for the hybrid construct with 
an oversize of 10 mm x 10 mm x 0.96 mm. The combined model was then imported into 
Bioplotter RP (v2.9, Envisiontec GmbH, Germany) for slicing the bulk structure into four 
layers, each featured by cylindrical strands with 1 mm inter-strand spacing and 0 – 900 
perpendicular pattern. The sliced model was eventually imported into VisualMachine (BP, 
v2.2, Envisiontec GmbH, Germany) for fabricating the hybrid constructs on a three- 
dimensional bioplotter (Envisiontec GmbH, Germany).  
PCL (average MW~5000), alginic acid sodium salt [medium viscosity alginate (MVA)], 
calcium chloride dehydrate (CaCl2), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) buffer, mouse chondrogenic cell line ATDC-5 and Stemline1 Keratinocyte Medium 
II calcium free (SKM) were all purchased from Sigma-Aldrich (St Louis, MO, USA) and the 
hybrid constructs were fabricated in a sterile environment as previously described in [3]. 
Briefly, PCL was fed into the syringe of a high-temperature dispensing head, heated up to 358 
K and dispensed through a cylindrical metal needle with an inner diameter of 300 mm by using 
a pneumatic pressure of 0.8 MPa and a deposition speed of 1 mms-1. An alginate hydrogel (3.3 
% w/v) was prepared by dissolving alginic acid sodium salt in the SKM. Then, ATDC-5 cells 
were suspended in the alginate solution at a density of 8 x 106 cells per ml to make a final 
concentration of 2.5 % w/v of the alginate–cells solution. The cells–alginate solution was fed 
into a low-temperature dispensing head and maintained at 283 K. In each layer, PCL strands 
were first printed using the assigned parameters and then cell-impregnated alginate was 
dispensed in the spaces between the PCL strands through a conical needle with inner diameter 
of 200 mm using a pneumatic pressure of 0.03 MPa and a deposition speed of 25 mms-1.  
After fabrication of each layer, alginate strands were partially cross-linked using 170 mM 
CaCl2    in 4.2 mM HEPES (in 0.35 M sucrose) fume released in the direction of the fabrication 
procedure through an ultrasonic nebulizer (MY-520). After the desired number of layers was 
reached, the constructs were dipped in 100mM CaCl2 [in 4.2 mM HEPES, 0.35 M sucrose 
solution (pH 7.4)] for 20 min to complete cross-linking of the cells–alginate hydrogel network 
within the PCL framework. After cross-linking, constructs were washed for 5 min in DMEM 
twice, placed in culture medium in 12-well culture plates, transferred to the incubator and 
maintained at 310 K and under 5 % CO2. The culture medium was changed every two days: it 
consisted of DMEM/F-12 HAMs (1:1) supplemented with 5 % fetal bovine serum (FBS), 
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penicillin (100 unit/ml), streptomycin (100 mg/ml), 10 mg/ml glutamine, 10 mg/ml insulin–
transferrin–selenium plus (ITS+) liquid media supplement and 0.05 mg/ml ascorbate-2-
phosphate (all purchased from Life Technologies). At day 0, 14, 28 and 42 days of culture, 
cultured constructs were collected as described for each assay below. 
 Cell Viability in Hybrid Constructs by Live/Dead Assay 
The viability of the ATDC-5 cells in the hybrid constructs was examined using a two-color 
fluorescence LIVE/DEAD1 Kit (Molecular Probes, OR, USA) and fluorescence microscopy 
at days 0, 14, 28 and 42 of culture as previously described in [3]. Briefly, the constructs were 
removed from culture, washed with DMEM for 30 minutes and submerged in staining solution 
containing 2 mM calcein-AM and 0.5 mM ethidium homodimer (EthD-1) in DMEM. This 
procedure was conducted in the dark and constructs were then wrapped in tin foil to prevent 
any light exposure, then transferred to a 310 K, 5 % CO2 incubator for about 60 minutes to 
allow the staining solution to penetrate the layers of the constructs. After 60 minutes, 
photomicrographs of stained constructs were taken for live cells (fluoresced green) and dead 
cells (fluoresced red) using a DP70 camera attached to a Nikon fluorescent inverted 
microscope (Nikon, ECLIPSE E600, SPOT Insight2 Camera, USA). Then, green and red 
fluoresced images were merged in ImageJ software [31] to localize the distribution of live and 
dead cells in the constructs. To quantify cell viability, the cells were    released from the 
constructs by dipping constructs in 1 ml of 50 mM EDTA solution to depolymerize alginate 
hydrogel strands. While protected from light, gentle pipetting was used to pick up 10 ml of the 
cells suspension onto glass slides and then covered with coverslip. Then, five to six 
photomicrographs of live and dead cells at different locations on the glass slide were taken 
using a fluorescent inverted microscope (Nikon, ECLIPSE E600, SPOT Insight2 Camera, 
USA). The procedure was repeated three times per construct, and live and dead cells from these 
images were counted for each construct using ImageJ software [31]. 
 Estimation of Secretion of Sulfated GAGs in Constructs by Alcian Blue 
Staining  
ATDC-5 cells spatially distributed in the hybrid constructs were examined for secretion of 
sulfated GAGs at days 0, 14, 28 and 42 days of culture using alcian blue staining assay as 
previously described in [3]. Hybrid constructs (n = 4 for each time-point) were removed from 
culture, washed in DMEM for 30 minutes and fixed in methanol: acetone (1:1) on ice for 
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another 30 min. The fixed    constructs were stained with 0.5 mg/ml alcian blue in 3 % acetic 
acid (pH = 1) and kept overnight at room temperature on a rocker for the stain to penetrate the 
constructs. The stained constructs were de-stained in 25 % ethanol in 3 % acetic acid for one 
hour and stored in 50 % ethanol in 3 % acetic acid before photomicrographs were obtained 
using light microscopy. Using ImageJ software [31], the regions covered by acian blue stains 
were segmented out of the collected images for further quantitative analysis. Four regions of 
interest were taken for each construct, and the appropriate threshold was applied to segment 
the alcian blue-stained areas of the alginate hydrogel, which were then measured. For each 
time-point, such segmentation was carried out to estimate the area covered by alcian blue stains 
compared to the total area of the alginate hydrogel in the regions of interest. These 
measurements were obtained at the four time-points used and   compared. 
 Estimation of Secretion of Col2 in the Hybrid constructs by 
Immunostaining 
Secretion of Col2 in the hybrid constructs was examined at days 0, 14, 28 and 42 (n = 4 for 
each time-point) using immunofluorescent staining assay. The hybrid constructs were removed 
from culture at each time-point, fixed in cacodylate buffer [that consists of 200mM sodium 
cacodylate, 2 % paraformaldehyde, 2 % glutaraldehyde, and 0.7 % ruthenium (III) hexamine 
trichloride] and incubated for 2 hour in 1:100 purified anti-Col2 antibody (purchased from 
Developmental Studies Hybridoma Bank, Iowa City, USA) in blocking buffer [4 % normal 
goat serum and 2 % normal sheep serum in phosphate buffer saline Tween-20 (PBST)]. These 
constructs were washed 6-8 times in the blocking buffer over a 2 hours’ period after first 
incubation and then in 1:1000 goat anti-mouse IgG-488 conjugate (purchased from EMD 
Millipore, Temecula, California, USA) in blocking buffer. After incubation in the secondary 
antibody, these constructs were washed in PBST over another period of two hours to reduce 
the background stains and photomicrographs were taken at different positions; horizontally 
and vertical sections through the constructs, using a DP70 camera attached to fluorescent 
inverted microscope (Nikon, ECLIPSE E600, SPOT Insight2 Camera, USA). In addition, 0.1 
ml ml-1 of 40, 6-diamidino-2-phenylindole (DAPI) was added to the immunofluorescent 
staining assay for DNA labelling of cells to confirm that the cells secreted the Col2 matrix. 
Like the alcian blue staining, four regions of interest were taken for each construct, and the 
appropriate threshold was applied to segment the images collected from Col2-stained hybrid 
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constructs at the different time-points in ImageJ software [31] and used for quantitative 
measurements. 
 SR-inline-PCI-CT of Hybrid Constructs 
Hybrid constructs were fixed at days 0, 14, 28 and 42 of culture in methanol: acetone (1:1) on 
ice for 20 minutes and kept in 3 % acetic acid for the inline-PCI-CT imaging, performed   at 
the Biomedical Imaging and Therapy-Insertion Device (BMIT-ID) 05ID-2 of the Canadian 
Light Source using a double-crystal bent Laue monochromator tuned to 30 keV imaging energy 
[32]. The hybrid constructs were placed in a sample holder and positioned on the rotating 
scanning stage for CT imaging. Because calculation of optimum SDD for characterization of 
multi-density and different low-refractive-indices hybrid constructs have not been previously 
reported, this study took cues from [27-28, 33-34] who reported that an SDD between 1 and 3 
m was good for imaging whole mouse lungs and that a SDD greater than 3 m may have 
negative impact of in-air photon scattering. Thus, tomographic data sets were collected at 
SDDs of 0.25 m, 1 m and 3 m using a beam monitor AA-60 (Hamamatsu) coupled to a camera 
C9300 (Hamamatsu) with effective pixel sizes of 8.9, 8.77 and 8.47 µm, respectively. Three 
thousand projections were collected over a 180o rotation and a set of ten flat-field and ten dark-
field images were acquired at the beginning and at the end of each scan to correct the acquired 
projections. Images of the multi-density hybrid constructs obtained at 0.25 m, 1 m and 3 m 
SDD were reconstructed and analysed for identification of the optimum SDD. The identified 
optimum SDD was then used for CT imaging of the hybrid constructs collected from culture 
at day 0, 14 and 28 (n = 4 for each time-point). Phase-retrieved and non-phase-retrieved CT 
reconstructions of the tomographic data were then performed. NRecon (v1.6.10.1; Skyscan) 
[38] was used for the non-phase- retrieved CT reconstruction, whereas phase-retrieved CT 
reconstruction was performed in PITRE (v3.1) (Phase-sensitive X-ray Image processing and 
Tomography Reconstruction). For the non-phase-retrieved reconstruction, flat- and dark-field 
corrections and image normalization were carried out on the data sets with an ImageJ macro 
plugin before the reconstruction. Then, a modified Feldkamp algorithm was used to obtain 
image slices.  For the phase-retrieved reconstruction, flat- and dark-field corrections, sinogram 
generation, phase retrieval and slice reconstruction were all included and carried out in PITRE 
(v3.1) with a phase-attenuation duality Born algorithm (PAD-BA) and " = 8/ {3 = 900. Then, 
three-dimensional volume rendering was performed after the reconstruction in visualization 
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and analysis software Avizo (v9; FEI Visualization Sciences Group, Dusseldorf, Germany), 
without decomposing the images into geometric primitives, to support the two-dimensional 
greyscale information of the reconstructed slices. 
 Statistical Analysis 
All statistical tests were performed with SPSS (released 2013 IBM SPSS Statistics for 
Windows, v21.0. Armonk, NY: IBM Corp.). For the alcian blue staining and the Col2 staining, 
measurements from the analysis were performed in ImageJ software [31].to quantify secretion of 
GAGs and Col2, respectively. Five different images of each construct (n = 4 for each time-point) 
were captured and used for each analysis. Repeated measures analysis of variance (ANOVA) was 
used to determine the change in area stained over time. Post hoc tests using the Bonferroni 
correction were conducted to estimate the statistical significance between these areas over time. 
The value of p < 0.05 was considered statistically significant. 
3.4. Results 
3.4.1 Cell Viability of Hybrid Constructs Remained High at All Time-
points 
Viability of the ATDC-5 cells impregnated in the hybrid constructs (n = 4 for each time-point) 
was estimated over time of culture using a two-color fluorescence LIVE/DEAD1 Kit (Molecular 
Probes, OR, USA). Cells were distributed uniformly throughout the hybrid constructs and their 
viability was 84.4 ± 2.2 % at day 0. At day 14, cell viability reduced to 77.2 ± 2.1 % and increased 
to 84.3 ± 2.8 % at day 28 and 85.0 ± 5.4 % at day 42 (Fig. 3.1). Cells in the alginate   hydrogels 
strands of the hybrid constructs formed clusters or aggregates, which increased in size, from day 
14 onwards (Figs. 3.1 B-D). Moreover, cross-section images obtained by cutting transversely the 
center of the constructs at day 14 and 28 showed that cells in the middle of constructs had 
comparable spatial distribution and viability to the cells in the periphery (Figs. 3.1E-1F). 
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Fig. 3.1: Fluorescent microscopy images of merged live (green) and dead (red) ATDC-5 cells spatially distributed in hybrid 
constructs at day 0-42: panels A-D are images looking down on the intact constructs over the entire culture period, whereas panels 
E and F are cross-section images through the center of the hybrid constructs at day 14 and 28. 
3.4.2 Secretion of Sulfated GAGs in Hybrid Constructs Increased Over 
Time 
Secretion of sulfated GAGs in the three-dimensional printed cell-impregnated hybrid 
constructs was examined by alcian blue staining at the four time-points (Fig. 3.2). The blue- stained 
area was well dispersed and darkened over time, reflecting a progressive increase in the production 
of sulfated GAGs in the ECM (Figs. 3.2 A - 3.2 H). Cross-section views of the constructs also 
indicated that secretion of sulfated GAGs was distributed in the inner layers of the constructs (Figs. 
3.2 I – 3.2 L). Using one-way repeated measures ANOVA with sphericity assumed, the mean area 
covered by the alcian blue stains in the hybrid constructs differed with statistical significance 
between time-points [F (3, 9) = 113.194, P < 0.001]. Post hoc tests using the Bonferroni correction 
(graphically presented in Fig. 3.2) showed a statistically significant difference between day 0 and 
day 14 (p-value = 0.011), day 0 and day 28 (p-value = 0.005), day 0 and day 42 (p-value = 0.001), 
and day 14 and day 42 (p-value = 0.030).  
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Fig. 3.2: Comparison of alcian blue staining in three-dimensional printed cell-impregnated constructs, showing secretion of sulfated 
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GAGs at different time-points. Panels A – D demonstrate progressive secretion of sulfated GAGs, and E-H are high-magnification 
views of the regions of interest highlighted in the red boxes of panels A-D. Panels I-L are cross-section images through the center 
of the hybrid constructs. Panel M represents the quantitative analysis of alcian blue stained area in the hybrid constructs at days 0, 
14, 28 and 42 showing statistically significant difference in secretion of GAGs at the different time   points. 
3.4.3 Estimation of Secretion of Col2 in the Hybrid Constructs 
Secretion of Col2 in the hybrid constructs was examined at days 0, 14, 28 and 42 (n = 4 for 
each time-point) using immunofluorescence. Like the alcian blue staining results, secretion of Col2 
increased progressively from day 0 to day 42 (Figs. 3.3 A - 3.3 D). DAPI staining reflected the 
locations of cells in the Col2-positive areas (Figs. 3.3 E - 3.3 H). Cross-section views of the 
transected constructs indicated that secretion of Col2 also occurred in the inner layers of the 
constructs (Figs. 3.3 I - 3.3 L). In addition, high-magnification views of constructs cultured for 42 
days showed that clusters of cells secreting matrix were present in alginate hydrogel strands and 
around the PCL strands (Figs. 3.3 M - 3.3 P), suggesting that some cells in the alginate migrated 
to the PCL strands and secreted Col2 matrix. 
One-way repeated measures ANOVA with sphericity assumed demonstrated that the mean area 
covered by Col2 staining were significantly different between time-points [F (3, 9) = 207.021, P 
< 0.001]. In fact, post hoc tests using Bonferroni correction (graphically presented in Fig. 3.3) 
revealed    that secretion of Col2 over time showed a statistically significant difference between 
day 0 and day 14 (p-value = 0.048), day 0 and day 28 (p-value = 0.002), day 0 and day 42 (p-value 
= 0.002), day 14 and day 42 (p-value = 0.005) and between day 28 and day 42 (p-value = 0.003). 
 
 
 
 
 
 
 
 
 
 
 79 
 
 
Fig. 3.3: Comparison of Col2 immunostaining and DNA labelling in three-dimensional printed cell- impregnated constructs at 
different time-points. Panels A-D and E-H show progressive secretion of Col2 and corresponding DAPI staining, respectively. 
Panels I-L are cross-section images through the center of the hybrid constructs. Panels M and N are high-magnification views of 
the upper region of interest outlined in red boxes of panels D and H, whereas panels O and P are high-magnification views of the 
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lower region of interest outlined in red boxes of panels D and H. Panel Q represents quantitation of Col2 immunostained area in 
the hybrid constructs, showing statistically significant differences in Col2 secretion at different time-points. 
3.4.4 Effect of SDD on Visualizing the Different Components of the 
Hybrid Constructs 
Non-phase-retrieved and phase-retrieved CT reconstruction applications were investigated to 
determine the reconstruction method that provides better details of the individual components of 
the multi-density constructs in fluid. CT reconstructions were used to obtain image slices from the 
imaging data of day 14 hybrid constructs obtained at 3 m. The edge contrast obtained from phase-
retrieved images after reconstruction   revealed   the PCL strands, but could not discriminate the 
lower-refractive-index alginate hydrogel strands in between the PCL from the surrounding fluid 
(Figs. 3.4 A and 3.4 C).   On   the   other   hand, the edge contrast obtained from the non-phase- 
retrieved CT reconstruction clearly delineated the interfaces of all components of the hybrid 
construct: PCL-fluid, PCL-alginate and alginate-fluid (Figs. 3.4 B and 3.4 D). Therefore, the edge-
enhancement attribute of the non-phase- retrieved CT reconstruction better characterized features 
of the multi-density, multi-refractive-index hybrid constructs compared with the phase- retrieved 
CT reconstruction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 81 
 
 
Fig. 3.4: Comparison of output slices of the same image dataset reconstructed using (a) phase-retrieved CT reconstruction; (b) non-
phase-retrieved CT reconstruction; (c) magnified region of interest cropped from (a); and (d) magnified region of interest cropped 
from (b). The PCL strands of the hybrid constructs were visible in both cases. However, alginate hydrogel strands in between the 
PCL strands were more visible in the non-phase- retrieved image slice than the phase-retrieved image slice. Edge effects show the 
boundaries of PCL and alginate hydrogel strands in the same location of the hybrid construct (arrow   heads). 
As the non-phase-retrieved reconstruction technique of NRecon (v1.6.10) provided the 
details required for characterizing each component of our hybrid constructs, it was used to establish 
the optimum imaging SDD among those tested: 0.25 m, 1 m and 3 m. After identifying that the 
non-phase-retrieved reconstruction technique provided details required for characterization of our 
multi-component constructs, hybrid construct images obtained from SDDs of 0.25 m, 1 m and 3 
m were reconstructed using a non-phase-retrieved reconstruction technique and compared (Fig. 
3.5). Images from the exact same location in a hybrid construct cultured for 42 days were compared 
[yellow box in Fig. 3.5 A]. The edge contrast provided at an SDD of 0.25 m identified edges of 
the PCL strands, but the alginate hydrogel strands were not readily apparent (Figs. 3.5 B and 3.5 
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E). At an SDD of 1 m, edges of the PCL strands had higher contrast compared with that obtained 
at 0.25 m SDD (Figs. 3.5 C and 3.5 F). In addition, the lower-density alginate strands were faintly 
visible, due to minimal edge contrast. At an SDD of 3 m, there was an increase in visibility of 
individual and the interfaces between the PCL and alginate hydrogel strands and surrounding fluid 
(Figs. 3.5 D and 3.5 G).  The lower-refractive-index and high-water-content alginate hydrogel 
strands benefited more as the phase contrast more clearly highlighted the edges of these strands. 
The distributions of grey values along a line drawn across two PCL strands in the exact same 
location of the imaged construct were used to quantitate the imaging capabilities of various SDDs 
[yellow lines in Figs. 3.5 B – 3.5 G]. Prominent peaks are expected because edge contrast or 
enhancement associated with the difference in refractive indices at material–material or material–
fluid interfaces. No high peak was observed from data obtained at 0.25 m SDD (Fig. 3.5 H), but 
two prominent peaks corresponding to the edges of PCL strands were apparent in data obtained at 
1 m SDD (Fig. 3.5 I). Smaller peaks were also seen between these two prominent peaks that may 
correspond to the edges of the alginate hydrogel strand. Similar analyses of data obtained at 3 m 
demonstrated two prominent peaks that corresponded with the edges of PCL strands and other 
smaller peaks that correspond to the edges of the highly porous alginate hydrogel strand (Fig. 3.5 
J). The smaller peaks in this case are larger compared with those obtained at 1 m SDD [compare 
Figs. 3.5 I and 3.5 J]. These data demonstrate that the phase contrast at 3 m SDD provides the most 
adequate interference fringes among these three SDDs for characterization of each component of 
the hybrid constructs in aqueous medium. 
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Fig. 3.5: Comparison of inline-PCI-CT images of three-dimensional printed hybrid construct imaged in aqueous medium at three 
different SDDs. (a) Image slice of inline-PCI showing the whole construct imaged at three different SDDs and the region of interest 
(in yellow box) cropped for analysis of the components of the construct. Inline-PCI-CT image slice obtained at (b) 0.25 m SDD, 
(c) 1 m SDD and (d) 3 m SDD; (e) region of interest cropped out of (b) showing the line drawn across two PCL strands; (f) region 
of interest cropped out of (c) showing the line drawn across two PCL strands; (g) region of interest cropped out of (d) showing the 
line drawn across two PCL strands; (h)-(j) distribution of grey values near the line shown in (e)-(g) respectively. 
3.4.1 SR-inline-PCI-CT Reveals Structural Changes over time in 
Hybrid Constructs 
Based on the previous data, an SDD of 3 m was used for SR-inline-PCI-CT characterization of 
structural changes in hybrid constructs at days 0, 14, 28 and 42 (n = 4) in culture. Images 
representing equivalent regions of a limited series of reconstructed slices showed visible 
structural changes in the constructs during this culture period, especially in the alginate strands 
(Fig. 3.6). At days 0 and 14, edges of both the PCL and alginate strands appeared uniform from 
reconstructed images (Figs. 3.6 A and 3.6 B). By day 28, changes in the uniformity of   the   
alginate   strands   in   the   constructs   were apparent (Fig. 3.6 C, arrow head). By day 42, the 
alginate strands were more visible compared with other time-points and non-uniform structural 
changes in the alginate strands were more prominent (Fig. 3.6D, arrow head). Three-dimensional 
volume rendering was performed in Avizo 3D software (v9) to support the results of the two-
dimensional greyscale images and to provide a three-dimensional image that further showed the 
different components of the hybrid constructs (day 14 at 3 m SDD). Rendering clearly indicated 
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the interfaces between PCL strands, alginate strands and surrounding fluid (Fig. 3.7). Therefore, 
even though alginate strands contain 97.5 % water and other components of the constructs are 
submerged in fluid, SR-inline-PCI can provide details of the different low-density and low- 
refractive-index biomaterial constructs present in the hybrid constructs. 
 
Fig. 3.6: Comparison of SR-inline-PCI-CT images of multi-density hybrid constructs in aqueous medium at the different time-
points. Images were obtained at 30 keV using 3 m SDD, pixel size of 8.47 µm.  Scale bar:  300 mm. Arrowheads show how cell-
impregnated alginate strands changed over time. 
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Fig. 3.7: Three-dimensional rendered image of hybrid constructs submerged in fluid showing the interface between PCL strands, 
alginate hydrogel strands and surrounding fluid. 
3.5. Discussion 
Non-invasive three-dimensional visualization of the architecture and progression of tissue 
repair is essential to track the success of various tissue engineering strategies, including those 
based on three-dimensional printed hybrid construct CTE applications. This is particularly true 
when the applications are advanced from in vitro to in vivo and eventually to human studies. The 
novel technique of SR-inline-PCI-CT enables the characterization of a variety of biomaterials   in 
vitro and in vivo for tissue engineering applications [4-5, 17, 25, 36]. However, most    SR-inline-
PCI studies have criticized its capability for delineation of fine details, instead preferring other 
phase-contrast-based methods, such as diffraction-enhanced imaging [5, 17, 25]. Imaging contrast 
of inline PCI can be enhanced by contrast agent [4], but this may affect (either inhibit or enhance) 
the functionality of embedded cells [39]. Other studies mainly focused on characterization of 
materials with high refractive index, such as bone [5-6]. 
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  To optimize SR-inline-PCI-CT for soft tissue engineering applications, this study explored 
three SDDs, deducing an optimum SDD with excellent edge-enhancement fringes for 
characterization of each component of multiple low-refractive-index hybrid constructs consisting 
of PCL, cell- impregnated alginate and surrounding fluid. Increasing the SDD from 0.25 m to 3 m 
resulted in incremental increases in edge contrast and thus increased the ability of SR-inline-PCI- 
CT to delineate the different components [especially the low-refractive-index cell-impregnated 
alginate of the multi-density constructs submerged in fluid (Fig. 3.5)]. However, there was very 
little phase contrast and thus faint visibility of the alginate strands at SDDs of 0.25 m and 1 m. At 
an SDD of 3 m, the edge-enhancement fringes were optimal among these SDDs, enabling effective 
characterization of both PCL and alginate components of the constructs submerged in fluid. 
Though a 4 m SDD was not examined, the edges of PCL strands at a 3 m SDD were already very 
bright and slightly prone to blurriness, so using an SDD greater than 3 m may not be beneficial for 
imaging PCL with these imaging parameters. Increasing the SDD did provide increasing edge 
contrast for the lower-refractive-index alginate hydrogel strands, however, so perhaps an SDD 
greater than 3 m would permit better visualization of alginate. Despite this possibility, previous 
studies suggest that an SDD larger than 3 m might experience too much photon scattering, 
producing a negative effect on image contrast [33-34]. In fact, an SDD of 1 m worked better for 
characterization of airway interfaces of a rat at 30keV and 12.9 mm when compared with SDDs 
of 2 m or 3 m [27]. In addition, the edge contrast of sets of nylon threads imaged at an SDD of 0.4 
m using a pixel size of 11mm provided adequate structural details, which became vague at an SDD 
of 1.155 m or higher [24]. That said, all these studies used samples that had a different refractive 
index. Also, they were not multi-density hybrid samples and were not imaged submerged in fluid. 
For example, the edge contrast at the interface between alveoli tissues and air will be larger than 
the interface between alginate strands (containing 97.5 % water) and submerged fluid. Also, the 
optimal SDD depends on the refractive indices found in the sample, the imaging energy and the 
detector pixel size; therefore, it should be tailored to obtain effective edge-enhancement fringes 
for each application. 
Critically, SR-inline-PCI-CT at a 3 m SDD generated edge enhancement that allowed 
unparalleled characterization of the overall architecture and structural features of multi- density 
hybrid constructs in medium. Strands of PCL and alginate were clearly delineated from 
surrounding fluid in three dimensions, which should greatly increase visualization of in vivo 
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integration of tissue constructs [4-6]. The observed micro-structural features in the alginate may 
reflect changes in density due to either degradation of the alginate [29, 35] or ECM deposition by 
the impregnated cells (tissue growth) [4-6]. Regarding the former possibility, X-ray PCI-CT of 
PGA microfiber scaffolds implanted   for 28 days in rats showed that mass density loss caused by 
degradation resulted in a reduction of the refractive index and density of the implanted scaffold 
and this consequently caused a reduction in the phase contrast [29]. In contrast, the alginate strands 
in our hybrid constructs did not appear to have lower phase contrast over time and visible mass 
loss was not evident, even at day 42. Regarding the possibility that the observed microstructural 
features in the alginate reflected ECM deposition by impregnated cells, increased phase contrast 
during culture time of hybrid constructs paralleled increased ECM secretion by impregnated 
ATDC5 cells (Figs. 3.2 and 3.3). Indeed, increases in phase contrast were also associated with 
deposits of mineralized ECM by mesenchymal stem cells in alginate beads during in vitro culture 
[6]. Future work to resolve this issue should examine exact spatial correlation between observed 
patterns of ECM secretion and phase contrast. 
Furthermore, our data demonstrate that the CT reconstruction method (i.e. phase retrieval 
or non-phase retrieval) might affect subsequent data analyses. Phase retrieval can provide 
quantitative information [25], but it did not produce better qualitative images in this paper. 
Importantly, the non-phase-retrieved CT reconstruction provided edge contrasts that enabled clear 
delineation of interfaces between all components of the hybrid construct: PCL–fluid, PCL–alginate 
and alginate–fluid. Non-phase-retrieval CT reconstruction is also achievable using PITRE (v3.1) 
and this study also obtained details like the non-phase-retrieved CT reconstruction carried out in 
NRecon (v1.6.10.1; data not shown). Overall, the progressive secretion of sulfated GAGs and Col2 
while maintaining high cell viability (Fig. 3.1) verified that three-dimensional printed hybrid 
constructs have the capability to develop into articular cartilage [3]. These features were present 
throughout the full thick- ness of the constructs, suggesting that the process can be scaled up to the 
approximate thickness of native articular cartilage, which would make it even easier to characterize 
using inline-PCI, especially if cultured for longer times [1-2]. Even though the alginate strands 
contain 97.5 % water and the constructs are immersed in fluid, our study demonstrates that inline-
PCI can provide details of the different low-density and low-refractive-index biomaterial 
constructs and their surroundings. Thus, the promising capability of inline- PCI-CT in visualizing 
subtle structural changes in these constructs suggests further application of this technique to 
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assessment of larger tissue constructs at much longer culture times in vitro and in vivo. 
3.6. Conclusions 
This study illustrates that SR-inline-PCI-CT offers an unparalleled technique for non-
invasive, non-destructive and three- dimensional characterization of overall architecture of the 
different components of hybrid constructs in aqueous solution, which would be impossible by 
using absorption-based imaging techniques. For three-dimensional printed samples of PCL and 
cell-impregnated alginate submerged in fluid, an SDD of 3 m provided the edge-enhancement 
fringes that enabled effective characterization of each component.  Despite the similar refractive 
indices between alginate hydrogel (contains 97.5 % water content) and surrounding fluid, SR-
inline-PCI-CT allowed assessment of subtle changes within the cell-impregnated alginate over 
time. Furthermore, histological analyses demonstrated a progressive increase in secretion of 
sulfated GAGs and Col2 in the cell-impregnated hybrid constructs over time, confirming the utility 
of three- dimensional printed hybrid constructs for CTE application. We argue that subtle changes 
in the inline-PCI-CT images of cell-impregnated alginate strands at later time-points reflected 
ECM secreted in the constructs over time. Therefore, this study reveals the promising potential of 
SR-inline-PCI-CT for non-invasive, nondestructive, three-dimensional and longitudinal 
characterization of soft tissues in hybrid   constructs. 
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Chapter 4: Traditional Invasive and Synchrotron-Based Non-
Invasive Assessments of 3D-printed Hybrid Cartilage Constructs  
This chapter was adopted from the publication of “Adeola D Olubamiji, Ning Zhu, 
Tuanjie Chang, Chijioke Nwankwo, Zohreh Izadifar, Ali Honaramooz, Xiongbiao Chen and 
B Frank Eames. Traditional Invasive and Synchrotron-Based Non-Invasive Assessments of 
3D-printed Hybrid Cartilage Constructs. Submitted to “Tissue Engineering Part C” in 
October 2016. Per the Copyright Agreement, "the authors retain the right to include the 
journal article, in full or in part, in a thesis or dissertation". 
4.1. Abstract 
Three-dimensional (3D)-printed constructs made of polycaprolactone (PCL) and 
chondrocyte-impregnated alginate hydrogel (hybrid cartilage constructs) mimic the biphasic 
nature of articular cartilage, offering promise for cartilage tissue engineering (CTE) applications. 
However, the regulatory pathway for medical device development requires validation of such 
constructs through in vitro bench tests and in vivo preclinical examinations premarket approval. 
Furthermore, non-invasive imaging techniques are required for effective evaluation of the progress 
of these cartilage constructs, especially when implanted in animal models or human subjects. 
However, characterization of the individual components of the hybrid cartilage constructs and their 
associated time-dependent structural changes by currently available non-invasive techniques is 
challenging as these constructs contain a combination of hydrophobic and hydrophilic biomaterials 
with different refractive indices.  
Here, we report the use of a novel synchrotron-radiation inline phase contrast imaging 
computed tomography (SR-inline-PCI-CT) approach for non-invasive (in situ) characterization of 
3D-printed hybrid cartilage constructs that has been implanted subcutaneously in mice over a 21-
day period. In parallel, traditional invasive assays was used to evaluate the in vivo performance of 
the implanted hybrid cartilage constructs with respect to their cell viability and secretion of 
cartilage-specific extracellular matrix (ECM) over the 21-day period post-implantation in mice. 
SR-inline-PCI-CT allowed striking visualization of the individual components within the 3D-
printed hybrid cartilage constructs as well as characterization of the time-dependent structural 
changes after implantation. In addition, the relationship between the implanted constructs and the 
surrounding tissues was delineated. Furthermore, traditional assays showed that cell viability 
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within the cartilage constructs was at least 70 % at all three time-points, and secretion of alcian 
blue- and collagen type 2-positive matrices increased progressively over the 21-days period post-
implantation. Overall, these results demonstrate the 3D-printed hybrid cartilage constructs have 
good in vivo performance and validate their potential for regeneration of articular cartilage in vivo. 
In addition, SR-inline-PCI-CT has demonstrated potential for longitudinal and non-invasive 
monitoring of the functionality of 3D-printed hybrid cartilage constructs in a way that is 
translatable to other soft tissue engineering applications. 
4.2. Introduction  
Cartilage tissue engineering (CTE) offers great potential for regeneration of articular 
cartilage damaged by osteoarthritis or trauma. However, cartilage is hard to mimic because its 
functionality relies on the biphasic nature of cartilage extracellular matrix (ECM). Its solid phase 
is a framework of collagen fibrils and proteoglycan aggregates, while its liquid phase contains 
cells and nutritive fluid [1-3]. 3D-printed hybrid cartilage constructs fabricated from hydrophobic 
polycaprolactone (PCL) (for structural support) and highly hydrophilic cell-impregnated alginate 
hydrogel (for hydration and biological function) mimic the biphasic nature of the articular cartilage 
ECM and provide structural integrity, load-bearing capabilities, a cell-friendly environment, and 
100 % pore interconnectivity (for easy fluid transfer) required for secretion of cartilage ECM [4–
7]. To regenerate structural and functional features of articular cartilage, the hybrid constructs must 
function such that the cells within the cell-impregnated alginate strands gradually secrete cartilage-
specific ECM (including collagen type 2 (Col2) and sulfated glycosaminoglycans (GAGs)) as the 
PCL strands gradually degrade. A few in vitro studies showed that cells within these 3D-printed 
hybrid cartilage constructs remained highly viable and progressively secreted cartilaginous matrix 
over time [4-7]. Moreover, limited data suggest suitable performance of these 3D-printed hybrid 
cartilage constructs in vivo, with the secretion of Col2 over a 4-week period after implantation in 
athymic mice [5]. Thus, more comprehensive in vivo studies are needed to examine the 
functionality of the 3D-printed hybrid cartilage constructs and their potentials for clinical 
applications. Furthermore, a major limitation to examining the in vivo performance of cartilage 
constructs is current non-invasive visualizationtechniques that preclude longitudinal monitoring 
and assessment of the 3D-printed hybrid cartilage constructs in the same animal over time. 
Histological analyses, complemented by two-dimensional (2D) imaging techniques, is known to 
provide standard assessments of cell viability and secretion of ECM in engineered constructs [5, 
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7-10]. However, these traditional techniques are invasive and samples can only be assayed at one 
time-point as they ought to be excised prior to the analyses.  
Confocal microscopy, optical coherence tomography, and Raman spectroscopy have been 
studied as alternatives to 2D imaging techniques for TE applications [11-14]. Unfortunately, these 
techniques have inadequate penetration depth and often require the use of contrast agents to 
enhance their sensitivity [15-18]. Positron emission tomography and single-photon emission 
computed tomography have high penetration depth and have been praised for enabling successful 
tracking of cells in vivo [19-21]. However, these techniques require the use of contrast agents that 
might have a negative effect on cell performance. In addition, these techniques often experience 
poor temporal and spatial resolution that consequently limit visualization of microstructural 
details, which is critical to the tracking time-dependent biomaterial degradation and tissue growth 
[19-21]. Furthermore, radiography (such as micro-CT and CT) can assess structural details within 
tissue constructs [22-23], but poor contrast from highly hydrophilic materials with low attenuation 
coefficients, such as cartilage and hydrogels, is their major drawback for CTE applications [24]. 
Magnetic resonance imaging (MRI) is an established preclinical and clinical technique, well 
known for its ability to delineate soft tissue contrast; therefore, it is often used for visualizing 
cartilage damage, tissue remodeling, soft tissue constructs, and, recently, with contrast agents to 
track cells in constructs [25-30]. However, MRI has poor spatial resolution, provides poor imaging 
contrast for hydrophobic materials and tissues, and may require contrast agents to boost sensitivity. 
These drawbacks are the bottlenecks that makes it challenging to use MRI for non-invasive 
characterization of thin growing neo-tissues and our multi-material cartilage constructs [26, 31]. 
Overall, the trade-offs of currently available imaging techniques made their utilization challenging 
with respect to non-invasive characterization of the biphasic cartilage constructs investigated in 
this study and their time-dependent structural changes. 
An effective non-invasive 3D imaging technique intending to monitor the functionality of 
the hybrid cartilage constructs should have the capability to (1) visualize the hydrophobic and the 
hydrophilic components of the hybrid cartilage constructs; (2) enable visualization of the 
progression of  the newly forming neo-tissues within the constructs and the biodegradation profiles 
of all the components of the cartilage constructs; (3) delineate the relationship between the 
cartilage constructs and their surrounding host tissues without destroying or posing any risk to the 
host animal model or human subject [16, 18, 30, 32]. Owing to the presence of multiple attenuation 
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coefficients, densities and other material properties (i.e. the combination of hydrophobic PCL and 
hydrophilic cell-impregnated alginate hydrogel) within the hybrid cartilage constructs, their non-
invasive characterization is challenging [10, 16, 18, 33]. The novel method of synchrotron-
radiation inline phase contrast imaging computed tomography (SR-inline-PCI-CT) circumvents 
most of the limitations of the other imaging techniques discussed above, and therefore have 
potentials for non-invasive monitoring of the 3D-printed hybrid cartilage constructs and their 
performance over time either in situ, ex vivo or in vivo. Although at least six specific PCI 
techniques are being explored, SR-inline-PCI-CT has the simplest experimental setup, uses no 
optical element (e.g., gratings or diffracting crystals) and was the first phase-contrast technique to 
be pioneered [18, 34-37]. SR-inline-PCI-CT uses variations in phase shifts of X-rays passing 
through the samples to visualize materials with different refractive indices, electron densities, and 
atomic numbers present within the samples without requiring the use of exogenous contrast agents 
[18, 34-36]. At diagnostic X-ray energies, SR-inline-PCI-CT produces its image signal from 
refraction generated from the real part of the material refractive index, which is up to 1000 times 
greater than the absorption signal used by conventional absorption-based imaging techniques [34-
36, 38]. Due to the high lateral (spatial) coherence of synchrotron X-rays, SR-inline-PCI-CT 
translates variations in densities and refractive indices of different materials into edge 
enhancement at their interfaces in the images. Thus, SR-inline-PCI-CT offers a robust capability 
to simultaneously characterize newly growing or native hard and soft tissues. SR-inline-PCI-CT 
can also visualize time-dependent structural changes in multiple biomaterials over time post-
implantation [7, 10, 30, 39-41]. In relation to this present study, we have recently reported that 
SR-inline-PCI enabled unparalleled and non-invasive visualization of the 3D-printed hybrid 
cartilage constructs submerged in fluid (to mimic physiological conditions) and their associated 
time-dependent subtle structural changes over a-42-day period of in vitro culture [7]. 
In the present study, we used in vivo evaluation of the 3D-printed hybrid cartilage constructs 
as therapeutics for damaged articular cartilage and assessment of their performance using both 
traditional invasive and synchrotron-based non-invasive techniques. 3D-printed hybrid cartilage 
constructs (PCL/alginate/cells construct) were implanted subcutaneously in the backs of nude mice 
and tracked over a 21-day period. Invasive assessments of the functionality of these constructs 
demonstrated high cell viability and secretion of cartilage-specific ECM over the 21-day post-
implantation in mice. Importantly, SR-inline-PCI-CT enabled in situ non-invasive characterization 
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of the individual components of the 3D-printed hybrid cartilage constructs, their surrounding 
tissues, and associated structural variations over 21 days post-implantation in mice.  Summarily, 
these data further validate the potentials of the 3D-printed hybrid cartilage constructs for CTE 
applications (this time in vivo), and proved that non-invasive longitudinal monitoring of the 
functionality and degradation of the multi-components tissue constructs might be possible using 
SR-inline-PCI-CT. 
4.3. Materials and Methods 
4.3.1. Materials 
Polycaprolactone (average Mw~45,000), alginic acid sodium salt; medium viscosity alginate 
(MVA), mouse chondrogenic cell line ATDC5, calcium chloride dehydrate (CaCl2), Stemline® 
Keratinocyte Medium II-Calcium free (SKM), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) buffer, phosphate buffer saline Tween-20 (PBST) and ethylenediaminetetraacetic 
acid (EDTA) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Dulbecco’s modified 
Eagle’s medium (DMEM)/Ham’s F-12 (1:1), foetal bovine serum (FBS), penicillin, streptomycin, 
buprenorphine, glutamine and ascorbate-2-phosphate and insulin-transferrin-selenium plus (ITS+) 
liquid media supplement were purchased from Life Technologies, Carlsbad, CA, USA. Purified 
anti-Col2 antibody [CIIC1] was purchased from Developmental Studies Hybridoma Bank, Iowa 
City, IA, USA and goat anti-mouse IgG (H+L) secondary antibody, Alexa Fluor® 488 conjugate 
was purchased from EMD Millipore, Temecula, CA, USA. Twenty adult male athymic 
immunodeficient nude (Crl: NU(NCr)-Foxn1nu) mice were purchased from Charles River 
Laboratories, NY, USA. 
4.3.2. Cell Culture / Expansion 
Frozen ATDC5 cells were thawed and 2D cultured in tissue culture dishes for one week in a 
humidified incubator with 5 % CO2 at 37°C. Culture media were changed every 2 - 3 days to 
enable cell expansion. The culture medium consisted of DMEM/Ham’s F-12 (1:1) supplemented 
with 5 % FBS, 100 unit/mL penicillin, 100 µg/mL streptomycin, 10 mg/mL glutamine, and 0.05 
mg/mL ascorbate-2-phosphate. After one week, expanded cells were collected from tissue culture 
plates, counted, and re-suspended in culture medium for fabrication of the hybrid constructs. 
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4.3.3. Design and Fabrication of Hybrid Cartilage Constructs 
Design and fabrication of the 3D-printed hybrid cartilage constructs were conducted as 
previously described [6-7]. The geometry of the designed model of the constructs was 10 mm × 
10 mm × 0.96 mm, and consisted of four layers of cylindrical strands with 1 mm inter-strand 
spacing and an alternating 0-90° perpendicular pattern from one layer to the other. For the 
fabrication, PCL pellets were loaded into the high-temperature dispensing head of a 3D Bioplotter 
system (Envisiontec, Germany), heated up to 150°C for 20 min to destroy potential microbial 
contamination and cooling to the dispensing temperature of 85°C. MVA was dissolved in SKM 
medium to obtain 3.3 % w/v alginate hydrogel. Then, alginate-cells solution was prepared by 
suspending 8×106 cells per ml of alginate hydrogel solution for the preparation of a final 
concentration of 2.5 % w/v. The prepared alginate-cell solution was loaded into the low-
temperature dispensing head and maintained at 10°C. During the printing, melted PCL strands 
were dispensed from a 300 μm inner diameter cylindrical metal needle at deposition speed (the 
same as the needle’s horizontal speed) of 1 mm/s and a pneumatic pressure of 0.08 MPa and cell-
laden alginate strands were printed within two adjacent PCL strands from a 200 μm inner diameter 
conical needle at deposition speed of 25 mm/s and pneumatic pressure of 0.03 MPa. The side-by-
side and layer-by-layer alternating deposition of PCL and alginate strands continued for each 
construct until four hybrid layers were printed. Strand thicknesses were 0.3 mm for the PCL strands 
and 0.2 mm for the alginate strands respectively. After printing each layer, alginate strands were 
partially crosslinked using fumes released from a nebulizer, which contained 170 mM CaCl2 in 
4.2 mM HEPES (in 0.35 M sucrose). Once a construct was completely printed, it was immediately 
transferred into 100 mM CaCl2 (in 4.2 mM HEPES and0.35 M sucrose solution (pH 7.4)) for 20 
min to further crosslink the alginate-cells strands within the constructs. After crosslinking, the 
constructs were washed in DMEM solution for 5 min twice and placed in 12-well culture plates 
with culture medium and subsequently transferred into an incubator operating at 37ºC and 5 % 
CO2. The culture medium was changed every 2 d to enhance cell differentiation and consisted of 
DMEM/ Ham’s F-12 (1:1) supplemented with 5 % FBS, 100 unit/mL penicillin, 100 µg/mL 
streptomycin, 10 mg/mL glutamine, 10 mg/mL ITS+ liquid media and 0.05 mg/mL ascorbate-2-
phosphate. The constructs were cultured in vitro for 2 weeks in the incubator to initiate cell 
differentiation before implantation into the mice. Hybrid scaffolds with no impregnated cells were 
also fabricated, as described above, to serve as controls. 
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4.3.4. Surgical Implantation of Hybrid Cartilage Constructs  
The Animal Research Ethics Board of the University of Saskatchewan, SK, Canada, approved the 
protocol for implantation of the 3D-printed hybrid constructs in mice in compliance with 
guidelines for humane animal care set by the Canadian Council on Animal Care. Upon their arrival, 
the 20 adult male nude mice (Crl: NU(NCr)-Foxn1nu) were acclimatized for 2 weeks prior to 
scheduled surgical implantation. The mice were housed in groups of three in individual Plexiglass 
cages, lined with sterile sawdust in a room with a controlled photoperiod (lights on from 06:00 
through 18:00), at a constant 21ºC and 60 % humidity. The mice were handled aseptically, 
provided ad libitum with sterile water and standard mouse chow, and were randomly divided into 
control and treatment groups. Hybrid construct-implanted mice were prepared for (i) histological 
assessments and (ii) in situ SR-inline-PCI-CT. For the surgery, the mice were anaesthetized in a 
biosafety cabinet and kept warm using a heated pad. Small incisions were created along the backs 
of the mice for four constructs to be implanted in their dorsal subcutaneous pockets: two on the 
left and two on the right sides (Fig.1). All four constructs implanted into the mice for histological 
analysis were cell-laden and the mice prepared for SR-inline-PCI-CT imaging were each 
implanted with two cell-laden constructs on the right and two cell-free hybrid constructs on the 
left sides. The animals were injected with 0.1 mg/kg subcutaneous (sc) of buprenorphine as an 
analgesic once immediately after the surgery, again 12 h post-operatively, and followed by its 
addition into their drinking water for a period of one week. 
 
Fig. 4.1: Image of a nude mouse undergoing surgical implantation of 3D-printed hybrid cartilage constructs. Subcutaneous pockets 
were created lateral to a midline incision, through which the constructs for the left and right sides were inserted. 
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4.3.5. Invasive Assessments of Hybrid Cartilage Constructs   
At each of the three time-points (7, 14 and 21 days) post-implantation, three mice were 
sacrificed by decapitation for histological analysis of the 3D-printed cartilage constructs. All four 
cell-laden constructs were excised from the mice and, each construct was cut into four square 
sections and each of them was used for the different histological and biological analyses, as 
described below (each assay had n=12 per time-point). 
4.3.6. Cell Viability of Cells within the Hybrid Cartilage Constructs  
For the cell viability assay, two-colour florescence LIVE/DEAD® Kit (Molecular Probes, OR) 
was used. At each time-point, the samples were stained as previously described [6-7]. Briefly, 
samples were washed with DMEM and submerged in staining solution containing 2 μM calcein-
AM and 0.5 μM ethidium homodimer (EthD-1) in DMEM and kept in the dark for about 1 h in an 
incubator running at 37ºC and 5 % CO2. After staining, photomicrographs of the horizontal and 
cross-section views of the stained constructs were acquired to visualize live cells (fluorescing 
green) and dead cells (fluorescing red) using a DP70 camera attached to a Nikon fluorescent 
inverted microscope (Nikon, ECLIPSE E600, SPOT Insight™ Camera, USA). For quantification 
of cell viability, constructs were submerged in 50 mM EDTA solution to dissolve the alginate 
strands and release the cells. Then, 10 µl of the cell suspension was gently pipetted onto a glass 
slide and covered with a coverslip to acquire photomicrographs of live and dead cells at different 
locations on the glass slide. Live and dead cells numbers were counted in randomly selected 
regions of interest cropped from photomicrographs in ImageJ software [42]. 
4.3.7. In vivo Secretion of Sulfated GAGs within Hybrid Cartilage 
Constructs 
To estimate secretion of sulfated GAGs in the excised hybrid constructs, samples were 
stained with alcian blue and analysed as previously described [6-7]. Briefly, the samples were 
washed in DMEM, fixed in acetone: methanol (1:1), submerged in 0.5 mg/mL alcian blue in 3 % 
acetic acid (pH=1) and kept on rocking tray overnight at room temperature. The stained constructs 
were then de-stained in 25 % ethanol in 3 % acetic acid for 1 h and stored in 50 % ethanol in 3 % 
acetic acid prior to acquisition of photomicrographs of the constructs. For quantitative analysis, 
randomly selected regions of interest within the alginate hydrogel strands were cropped for each 
of the three time-points using ImageJ software [42]. An appropriate threshold was applied to 
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segment the alcian-blue-stained region from the background for each image. The measured values 
of the stained region in relation to the entire region of interest were used to calculate the area 
covered by alcian blue staining in the constructs at 7, 14 and 21 days post-implantation and used 
to quantify the secretion of sulfated GAGs at each time-point.   
4.3.8. In vivo Secretion of Col2 within the Hybrid Cartilage Constructs  
Immunofluorescent staining was used for analysis of the progression of secretion of Col2 
within the hybrid constructs at 7, 14 and 21 days post-implantation as previously described [6 - 7]. 
The specimens were fixed, washed three times in PBST for 15 min each time, washed in 0.05 % 
EDTA in PBS and digested in trypsin solution (0.1 % trypsin, 1 mM EDTA and 1x PBS). After 
the trypsin step, constructs were incubated for 2 h in 1:100 purified anti-Col2 [CIIC1] antibody in 
blocking buffer (4 % normal goat serum and 2 % normal sheep serum in PBST). The constructs 
were then washed 6 to 8 times in blocking buffer over a 2 h period. For the second incubation, 
1:1000 goat anti-mouse IgG-488 conjugate in blocking buffer was used. The constructs were 
washed again in PBST over another 2 h period to minimize background stains. Subsequently, 
photomicrographs of the horizontal and cross-sectional views of stained constructs at different 
time-points were taken using a DP70 camera, as described above. For quantitative analysis, 
randomly selected regions of interest within the alginate hydrogel strands were cropped from 
photomicrographs per time–point in ImageJ [42]. An appropriate threshold was applied to segment 
the Col2-stained region within the alginate strands from the background for each image in ImageJ 
as previously described [7]. The measured values of stained region in relation to the region of 
interest were used to quantify the area covered by Col2 stain in the constructs at 7, 14 and 21 days 
post-implantation.  
4.3.9. Non-Invasive Visualization of Hybrid Cartilage Constructs in 
Mice using SR-Inline-PCI-CT 
Non-invasive SR-inline-PCI-CT imaging of the 3D-printed hybrid constructs at 7 and 21 
days post-implantation in mice was performed at the Biomedical Imaging and Therapy facility 
05ID-2 beamline at the Canadian Light Source (CLS), Saskatoon, Canada. Sacrificed animals in 
intact condition were transported to the CLS on ice for non-invasive in situ imaging.  The imaging 
set-up consisted of a double crystal bent Laue monochromator tuned to 30 keV imaging energy, 
and a superconducting wiggler X-rays source with a beam of 220 mm horizontal size and 11 mm 
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vertical size at a distance of 55 m from the source [43]. The mice were placed in sample holders 
and positioned on a rotating scanning stage for CT scanning. Based on our previous data [7], 
tomographic data sets were collected at a 3-m sample-to-detector-distance (SDD) using a beam 
monitor AA-60 (Hamamatsu) coupled to a Hamamatsu camera C9300-124 with effective pixel 
size of 8.47 µm and exposure time between 0.03 to 0.06 s. For each data set, 3000 projections were 
collected over a 360° rotation, and a set of 10 flat-field and 10 dark-field images were acquired 
before and after each scan to correct the acquired projections. Two to three scans were required to 
capture the entire mouse in each case. 
Prior to the image reconstruction, the flat- and the dark-field images were used for projection 
corrections with an ImageJ macro plugin (written by Dr. Cooper, College of Medicine, University 
of Saskatchewan, SK., Canada). Then, Modified Feldkamp Algorithm in NRecon V 1.6.10.1 
(Bunker, Kontich, Belgium) was used for the non-retrieved image reconstruction to obtain image 
slices based on recommendations made in [7]. The images were cropped and exported into FEI 
Amira 6.0.1 (Oregon, USA) 3D visualization and analysis software for rotation and 3D volume 
rendering to further visualize the microarchitecture of the different components and minute details 
in the hybrid constructs within the mice. In addition, 3D visualization of the 3D-printed constructs 
in the mice was subsequently performed in ImageJ [42]. 
4.3.10. Statistical Analysis 
To evaluate changes in Col2-stained area, alcian blue-stained area, and cell viability within the 
3D-printed cartilage constructs at 7, 14 and 21 days post-implantation in mice, a one-way repeated 
measures analysis of variance (RM-ANOVA) was carried out in SPSS (Released 2013 IBM SPSS 
Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.). Due to violation of sphericity by 
the alcian blue staining data, a Greenhouse–Geisser correction was applied. Post hoc tests using 
the Bonferroni’s correction were conducted to estimate the statistical significance between cell 
viability, areas covered by alcian blue stain and areas covered by Col2 stain at the different time-
points. Statistical significant was set at P < 0.05 for all analyses conducted.  
4.4. Results 
4.4.1. Cells Embedded in Hybrid Cartilage Constructs Remained Viable Post-
Implantation in Mice 
To evaluate cell distribution and viability, 3D-printed hybrid cartilage constructs were 
harvested from the backs of mice at various time-points and subjected to LIVE/DEAD stains. The 
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results showed that uniform cell viability and cell distribution were maintained in both the 
periphery and the centre of the alginate strands within the hybrid cartilage constructs over the 21 
day post-implantation period (Fig. 2). Quantification confirmed that the cell viabilities was 83 ± 
5.4% at 7 days post-implantation, 70 ± 6.6% at 14 days post-implantation, and 73 ± 7.9% at 21 
days post-implantation (Fig 2I). A one-way repeated measures ANOVA (assuming sphericity) 
demonstrated that cell viability was significantly different among time-points (F (2, 18) = 
505.719, P = 0.002). Specifically, post hoc tests showed that cell viability significantly differed 
between 7 and 14 days post-implantation (P>0.001; Fig. 2I). Overall, cell viability in the 3D-
printed hybrid constructs in nude mice remained at a minimum of 70% throughout the entire 21-
day implantation period.
 
Fig. 4.2: High cell viability in 3D-printed hybrid cartilage constructs over 21 days subcutaneous implantation in nude mice. (A) 
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Fluorescence imaging showed that live (green) and dead (red) cells were distributed uniformly in 3D-printed constructs at 21 days 
post-implantation. (B-D) Higher magnification images of similar regions as indicated by the red box in panel A showed high levels 
of cell viability at 7, 14 and 21 days post-implantation. (E) Image taken after cutting the construct transversely showed good cell 
distribution and viability throughout the alginate strand at 21 days post-implantation. (F-H) Higher magnification images of regions 
of interest similar to the red box in panel E demonstrated high viability at 7, 14 and 21 days post-implantation. (I) Statistical 
quantitation confirmed high cell viability in 3D-printed hybrid cartilage constructs excised from nude mice at 7, 14, and 21 days 
post-implantation (see footnote 1). 
4.4.2. Progressive Secretion of Cartilage Matrix in Constructs Post-Implantation in 
Mice 
To examine cartilage matrix secretion, harvested 3D-printed hybrid cartilage constructs were 
subjected to alcian blue and Col2 staining.  Alcian blue staining demonstrated that secretion of 
sulfated GAGs increased progressively over the 21 days post-implantation (Fig. 3). Specifically, 
the area covered by alcian blue staining in the excised hybrid constructs seemed to increase and 
staining intensity appeared to darken progressively when the data obtained at 7 days and 21 days 
post-implantation were compared (Fig. 3A - D). This progressive increase in alcian blue-positive 
matrix occurred around cells at both the centre and periphery of the alginate strands (Fig. 3E-H). 
Quantitative analyses (Fig 3I) in the form of a one-way repeated measures ANOVA demonstrated 
that the mean area covered by alcian blue-positive matrix in the 3D-printed hybrid constructs 
differed significantly among time-points (F (1.091, 7.636) = 10.879, P = 0.011). Post hoc tests 
revealed that the area covered by the alcian blue-positive matrix increased significantly between 7 
and 14 days (P < 0.006) and between 7 and 21 days (P< 0.020) post-implantation.  
 Col2 immunostaining suggested that Col2 matrix was progressively secreted in the 3D-
printed hybrid cartilage constructs over the 21-day period post-implantation in mice (Fig. 4A-D). 
This apparent increase in Col2-positive matrix occurred around cells at both the centre and 
periphery of the alginate strands (Fig. 4F-H). Quantitative analyses of the area covered by Col2-
stained matrix confirmed progressive secretion of collagen matrix in the excised hybrid constructs 
(Fig. 4I). Specifically, the mean area covered by Col2 staining in the alginate strands was 
significantly different among time-points (F(2, 14) = 57.624, P<0.001; Fig. 7). Post hoc tests 
revealed that Col2 secretion increased significantly between 7 and 21 days (P<0.001) and between 
14 and 21 days (P<0.001).  
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Fig. 4.3: Alcian blue-positive matrix increased over time in 3D-printed hybrid cartilage constructs implanted subcutaneously into 
the backs of nude mice. (A) Alcian blue staining in alginate strands of the hybrid construct was detected at 21 days post-
implantation. (B-D) Higher magnification images of similar regions as indicated by the red box in panel A showed increased Alcian 
blue staining at 7, 14 and 21 days post-implantation. (E) Image taken after cutting the construct transversely demonstrated Alcian 
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blue staining throughout the alginate strands at 21 days post-implantation. (F-H) Higher magnification images of regions of interest 
similar to the red box in panel E showed increased Alcian blue staining at 7, 14 and 21 days post-implantation. (I) Quantitation 
confirmed that Alcian blue staining increased in 3D-printed hybrid cartilage constructs excised from nude mice at 7, 14, and 21 
days post-implantation (see footnote 1). 
 
Fig. 4.4: Col2 staining increased over time in 3D-printed hybrid cartilage constructs implanted subcutaneously into the backs of 
nude mice. (A) Col2 staining in alginate strands of the hybrid construct was detected at 21 days post-implantation. (B-D) Higher 
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magnification images of similar regions as indicated by the red box in panel A showed increased Col2 staining at 7, 14 and 21 days 
post-implantation. (E) Image taken after cutting the construct transversely demonstrated Col2 staining throughout the alginate 
strand at 21 days post-implantation. (F-H) Higher magnification images of regions of interest similar to the red box in panel E 
showed increased Col2 staining at 7, 14 and 21 days post-implantation. (I) Quantitation confirmed that Col2 staining increased in 
3D-printed hybrid cartilage constructs excised from nude mice at 7, 14, and 21 days post-implantation (see footnote 1).  
 
4.4.3. SR-Inline-PCI-CT Enabled Non-Invasive Visualization of the Individual 
Components within Constructs and Surrounding Host Tissues 
To visualize intact 3D-printed hybrid cartilage constructs non-invasively, SR-inline-PCI-
CT was conducted using parameters established in our previous in vitro study of the 3D-printed 
hybrid cartilage constructs [7]. Mice were sacrificed at 7 and 21 days post-implantation and the 
SR-inline-PCI-C images were acquired. Reconstructed images of SR-inline-PCI-CT projection 
data clearly showed various soft and hard tissues such as skin, bone, lung, intestine, and internal 
soft tissues, of the host mouse (Fig. 5A). Importantly, the reconstructed slices appeared to show 
the individual alginate and PCL strands within the hybrid cartilage constructs in intact conditions 
within the mice at the earlier time-point (Fig. 5B). In addition, 3D rendering of the reconstructed 
slices from SR-inline-PCI-CT data further enhanced the delineation of interfaces between the PCL 
and alginate strands within the hybrid cartilage constructs (Fig. 5C).  
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Fig. 4.5: SR-inline-PCI-CT visualized 3D-printed hybrid cartilage constructs in vivo. (A) SR-inline-PCI-CT image showed two of 
the hybrid cartilage constructs 7days after being implanted subcutaneously into the back of a nude mouse. Their relationship to 
surrounding host tissues was also evident. Higher magnification images (B, grey-scale image of reconstructed slices; C, 3D-
rendered image) of a hybrid cartilage construct distinguished both PCL and alginate strands 7 days after in vivo implantation. 
4.4.4. SR-Inline-PCI-CT Enabled Non-Invasive Visualization of Time-Dependent 
Structural Changes within Cartilage Constructs post-implantation in Mice 
  Furthermore, structural changes within the 3D-printed hybrid cartilage constructs over the 
21 days post-implantation were explored non-invasively using SR-inline-PCI-CT. Images 
representing equivalent regions of a stack of reconstructed slices showed visible structural changes 
within the cell-impregnated hybrid constructs between 7 and 21 days post-implantation (Fig. 6). 
At 7 and 21 days post-implantation, representative alginate and PCL strands were apparent (Fig. 
6B, C). Careful analyses of image pixel intensities more clearly demonstrated the capabilities of 
SR-inline-PCI-CT to distinguish components of the hybrid cartilage constructs. Very large grey-
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value peaks reflecting high phase contrast correlated with the edges of the PCL strands and the 
interfaces between the alginate and PCL strands (Fig. 6 E-G, H-J; see regions 1 and 3). Much 
lower grey-value peaks correlated with changes apparent within the alginate strands (Fig. 6 E - G, 
H - J; see region 2). Comparison of the cell-laden alginate strands at 7 and 21 days post-
implantation showed time-dependent structural changes. Recorded grey values tend to decrease 
overall at 21 days post-implantation, but visible structural changes in the alginate strands between 
7 and 21 days post-implantation were associated with increased peak correlating to grey values 
(Fig. 6 E - G, H - J; see region 2). These time-dependent changes within alginate strands revealed 
by SR-inline-PCI-CT may be in part dependent on the presence of cells within the alginate strands. 
This is because cell-free alginate strands looked very different from these cell-impregnated 
alginate strands at 21 days post-implantation (Fig. 6C, D). In some regions, the cell-free alginate 
strands have varying phase contrast and edge enhancement characteristics (Fig. 6D, upper left 
region). This characteristic was apparent after harvesting the constructs from the mice, as regions 
similar to those analysed in the SR-inline-PCI-CT for the cell-free constructs showed clear and 
opaque alginate strands in-between the PCL strands (data not shown). In regions showing 
differences between the PCL and alginate strands, there was much less phase contrast information 
over the width of the alginate strand (Fig. 6J, region 2). In summary, non-invasive SR-inline-PCI-
CT revealed time-dependent structural changes with the 3D-printed hybrid cartilage constructs. 
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Fig. 4.6: SR-inline-PCI-CT reflected time-dependent structural changes to 3D-printed hybrid cartilage constructs in nude mice. (A) 
Reconstructed slices of a hybrid construct demonstrated its association with overlying skin. (B-D): Higher magnification images 
of regions of interest similar to the red box in panel (A) showed clear interfaces between alginate and PCL strands at days 7 and 21 
post-implantation. Structural changes were apparent within alginate strands of cell-impregnated hybrid constructs between days 7 
(B) and 21 (C) post-implantation. Similar changes were not seen in cell-free alginate strands at 21 days post-implantation (D). (E-
G) Even higher magnification images of regions outlined by the yellow box in panels B-D emphasized further these imaging results. 
(H-J) Grey-value distributions along specific regions of the images (yellow lines in panels E-G) demonstrated large peaks for PCL 
strand edges (regions 1 and 3). Changes in the amplitude of grey-value peaks within alginate strands (region 2) relative to peaks 
for PCL strand edges were apparent in cell-impregnated hybrid cartilage constructs between days 7 and 21 post-implantation. 
Footnote 1: “Statistical significance was determined using p-values. When any two of the error bars do not 
overlap, we have a higher degree of certainty that both means may differ significantly. However, when an 
overlap exists, we cannot confidently say if both means significantly differ or not [52]. Thus, while we have 
the bar charts with error bars to allow for a quick visual estimation of the differences that may exist, 
statistical testing with p-values is more precise and recommended to identify differences.” 
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4.5. Discussion 
Two of the main problems facing CTE today are: 1) fabrication of constructs that mimic the 
native human articular cartilage; and 2) non-invasive imaging of the progression of functionality 
of these cartilage constructs post-implantation in either animal models or human subjects. In recent 
years, rapid-prototyping-based additive manufacturing (i.e., 3D-printing) techniques are being 
investigated for fabrication of hybrid cartilage constructs. Specifically, 3D-printed cartilage 
constructs fabricated from PCL and cell-impregnated alginate mimic the biphasic nature of native 
articular cartilage and are attracting attention from researchers around the globe. A few in vitro 
studies have shown that cells impregnated within these 3D-printed hybrid cartilage constructs 
stayed viable and progressively secreted cartilage-specific ECM over time [4-7]. Furthermore, 
secretion of Col2 by cells within the hybrid cartilage constructs has been demonstrated in vivo [5]. 
However, the in vivo performance of these constructs needs further investigation and extensive 
study to transition this approach to commercialization or clinical application. Regarding non-
invasive assessments of construct performance, it is currently a challenge for clinically available 
techniques (e.g., MRI, radiography, or ultrasound) to simultaneously delineate samples with a 
combination of hydrophilic and hydrophobic properties such as found in these cartilage constructs 
[24-27, 31]. To address this knowledge gap, 3D-printed hybrid cartilage constructs were implanted 
subcutaneously in the backs of nude mice, and their performance was evaluated over a 21-day 
period using both traditional invasive histological and synchrotron-based non-invasive 
assessments.  
The suitable in vivo performance of the 3D-printed hybrid cartilage constructs demonstrated 
here supports their continued development for clinical CTE applications. Cell viability within the 
hybrid cartilage constructs remained at least as high as 70 % over the 21-day implantation period 
in nude mice (Fig. 2). Although, a cell viability of 70 % is still sufficient for ECM secretion, the 
in vivo results indicated a 10 % drop in cell viability in the constructs at 14 days post–implantation 
in mice. The change from in vitro to in vivo conditions, along with other unknown physiological 
conditions, is speculated to have caused the drop in cell viability within these constructs. 
Interestingly, a slight increase in cell viability wasobserve at 21 days post-implantation in mice 
i.e., the cell viability increased from 70 ± 6.6 % to 73 ± 7.9 %. This trend is similar to what we 
reported in our previously reported in vitro study, where cell viability also decreased at 14 days 
but increased at 28 and 42 days [7]. 
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Meanwhile, cells in these 3D-printed cartilage constructs progressively secreted cartilage-
specific ECM (Col2 and sulfated GAGs) that are essential to maintain both structural and 
biological functionality of the hyaline cartilage [44-46] (Figs. 3.4). Tthe secretion of these 
cartilage-specific ECM is speculated to have the potential to continue and eventually generate 
articular cartilage neotissue at more distant time-points. However, questions such as length of time 
required for generation of articular cartilage, how to increase the amount of cartilage-specific ECM 
secreted over time to hasten articular cartilage formation, whether secretion of articular cartilage-
specific ECM will be influenced by mechanical stimulation when these cartilage constructs are 
implanted in the stifle joint of animal models, and so on, require answers. While cartilage-specific 
ECM is secreted within these hybrid cartilage constructs, the PCL framework ensured their 
structural integrity in a manner not possible in hydrogel-only constructs. Because complete 
degradation of PCL is expected within approximately 2 years [51], the PCL strands did not exhibit 
any apparent degradation over the 21-day implantation period. In the future, long-term in vivo 
studies are needed to examine the rate of degradation of the PCL strands and determine how the 
degradation of PCL affects the structural integrity of the neo-tissues formed within hybrid cartilage 
constructs is suggested. 
 In summary, the favorable biological performance of the 3D-printed hybrid cartilage 
constructs presented here supports the conclusions of with previous in vitro studies [4-7], adds to 
the considerably limited in vivo data published [5] and indeed demonstrates the potential of the 
3D-printed hybrid cartilage constructs for generation of articular cartilage. Looking forward, 
hybrid cartilage constructs might solve a few major challenges currently facing clinical CTE 
applications. First, the mechanical and biological roles of native articular cartilage can be 
mimicked by the 3D-printed cell-impregnated hybrid constructs in this hybrid biofabrication 
approach. Second, articular cartilage has four basic zones with different mechanical and biological 
properties. This zonal structure can be mimicked during the layer-by-layer deposition of the 3D-
printing technique by adjusting materials and printing parameters [47]. Finally, patient-specific 
parameters that correspond to the shape and size of the defect to be repaired can be incorporated 
directly into the 3D CAD model used for fabrication of the hybrid cartilage constructs in the future. 
Non-invasive imaging techniques to examine the performcance of soft-tissue-engineered 
constructs (from multiple biomaterials with different material properties) and their time-dependent 
structural changes at high spatial resolution are hard to come by. We previously investigated how 
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changing the sample-to-detector distance of SR-inline-PCI-CT affected phase contrast, edge 
enhancement, and consequent image quality of the 3D-printed hybrid cartilage constructs  in vitro 
[7]. To build of the findings of the in vitro study, here wepresented the first attempt to use SR-
inline-PCI-CT to non-invasively characterize (in situ) the different components of 3D-printed 
hybrid cartilage constructs. Importantly, the phase contrast and edge-enhancement fringes of SR-
inline-PCI-CT enabled characterization of both the hydrophobic (i.e., PCL) and the hydrophilic 
(i.e., cell-laden or cell-free alginate) components of the hybrid cartilage constructs with different 
densities and refractive indices (Figs. 5, 6). In addition, hard and soft tissues around hybrid 
constructs were clearly apparent in the SR-inline-PCI-CT images (Fig. 5), allowing evaluation of 
a critical clinical parameter: integration of the construct with surrounding host tissues. Not only 
could SR-inline-PCI-CT visualize the multiple components of the hybrid cartilage constructs and 
their surrounding host tissues, but it does this with a relatively high spatial resolution compared to 
conventional clinical imaging techniques. The spatial resolution of PCI is hard to specifically 
calculate because it depends upon many factors, including the exact hardware and samples used, 
but the images presented here clearly appear to exceed the resolution achievable by MRI or 
absorption-based radiography. Although these findings are phenomenon, imaging parameters such 
as detector pixel size, imaging energy, and number of projections, need to be optimized to lower 
the absorbed radiation dose without affecting the image quality for prospective future live animal 
studies, [30].   
Apart from characterization of the overall macrostructural details of the implanted construct, 
SR-inline-PCI-CT also enabled evaluation of time-dependent structural changes to the 
biomaterials within the constructs. Structural changes were evident in the alginate strands at 21 
days compared to 7 days post-implantation (Fig. 6). Whether the time-dependent changes observed 
in images of alginate strands reflect new ECM secretion by the impregnated cells is unclear. On 
the one hand, the timing of these changes correlated with the timing of ECM secretion in parallel 
invasive experiments (Figs. 2 - 4). An increase in phase contrast was associated with secretion of 
ECM by cells within constructs in reported in vitro and in vivo studies [7, 10, 39, 48]. On the other 
hand, the cell-free hybrid scaffolds also showed structural changes, especially within the alginate 
strands (Fig. 6). Loss of phase contrast might be due to gradual degradation of the alginate hydrogel 
strands as previously concluded [49-50]. In fact, phase contrast decreased in alginate strands in 
some regions of the cell-free scaffolds, while it increased in other regions of the alginate strands. 
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This might be due to dryness experienced within the cell-free alginate strands, because similar 
regions were observed to be opaque (white) upon harvesting, and these changes were not seen in 
cell-impregnated alginate strands. More distant time-points are required to resolve what the change 
in phase contrast within the hybrid cartilage constructs represents, because thicker cartilage should 
be easily visualized by SR-inline-PCI-CT. In summary, this study supports the conclusion that 
phase contrast information provided by optimized SR-inline-PCI-CT has potentials for non-
invasive characterization of soft tissues, hybrid tissue-engineered constructs and their associated 
time-dependent structural changes [7, 40-41]. 
4.6. Conclusions 
In summary, these results not only detail the in vivo functionality of 3D-printed hybrid 
cartilage constructs for CTE applications, but also demonstrate the potentials of SR-inline-PCI-
CT for non-invasive assessments of these multi-material cartilage constructs and their associated 
time-dependent structural changes in situ. Over a 21-day period, hybrid cartilage constructs 
(consisting of strands of PCL and cell-impregnated alginate hydrogel) subcutaneously implanted 
in the backs of nude mice demonstrated good biological performance. Cell viability was always 
above 70 %, and cartilage-specific ECM secretion significantly increased over time. As such, this 
study presents a breakthrough in the implementation of 3D-printed hybrid cartilage constructs for 
CTE applications. Furthermore, SR-inline-PCI-CT enabled characterization of the individual 
components of the hybrid cartilage constructs, their time-dependent structural changes, interfaces 
and the surrounding host tissues (all with different refractive indices) in situ. Therefore, SR-inline-
PCI-CT offers great potential for non-invasive 3D visualization of fine features in weakly 
absorbing materials and tissues commonly encountered in soft-tissue engineering applications. 
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Chapter 5: Modulating Mechanical Behaviour of 3D-Printed 
Cartilage-Mimetic PCL Scaffolds: Influence of Molecular 
Weight and Pore Geometry 
The chapter was adopted from the publication of “Olubamiji AD, Izadifar Z, Si JL, Cooper 
DM, Eames BF, Chen DX. Modulating mechanical behavior of 3D-printed cartilage-mimetic PCL 
scaffolds: influence of molecular weight and pore geometry. Biofabrication. 28.2 (2016):025020”. 
According to the Copyright Agreement, "the authors retain the right to include the journal article, 
in full or in part, in a thesis or dissertation". 
5.1. Abstract 
Three-dimensional (3D)-printed poly(ε)-caprolactone (PCL)-based scaffolds are 
increasingly being investigated for cartilage tissue engineering (CTE) applications. However, 
ensuring that the mechanical properties of these PCL-based constructs are comparable to that of 
articular cartilage that they are meant to regenerate is an area that has been under-explored. This 
paper presents the effects of PCL's molecular weight (MW) and scaffold's pore geometric 
configurations; strand size (SZ), strand spacing (SS), and strand orientation (SO), 
on mechanical properties of the 3D-printed PCL scaffolds. The results illustrate that MW has 
significant effect on compressive moduli and yield strength of 3D-printed PCL scaffolds. 
Specifically, PCL with MW of 45 K was a more feasible choice for fabrication of viscoelastic, 
flexible and load-bearing PCL scaffolds. Furthermore, pore geometric configurations; SZ, SS, and 
SO, all significantly affect tensile moduli of scaffolds. However, only SZ and SS have statistically 
significant effects on compressive moduli and porosity of these scaffolds. Furthermore, an inverse 
linear relationship was observed between porosity and mechanical properties of 3D-
printed PCL scaffolds in Pearson's correlation tests. Altogether, this study illustrates that 
modulating MW of PCL and pore geometrical configurations of the scaffolds enabled design and 
fabrication of PCL scaffolds with mechanical and biomimetic properties that better 
mimic mechanical behaviour of human articular cartilage. Thus, the modulated PCL scaffold 
proposed in this study is a framework that offers great potentials for CTE applications. 
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5.2. Introduction 
One major strategy in CTE is fabricating three-dimensional (3D) constructs that mimic 
biological and mechanical properties of human articular cartilage [1-5]. Naturally occurring 
biomaterials, such as collagen [23], fibroin [6], chitosan [7] and hyaluronic acid [8] have shown 
great potential for CTE, especially in terms of promoting chondrogenesis and mimicking 
biochemical properties of articular cartilage. However, these natural biomaterials are expensive, 
exhibit poor mechanical properties and relatively quick degradation rates, especially when not 
crosslinked [9-10]. Thus, researchers are motivated to explore cheap and easily sourced synthetic 
polymers with better mechanical and degradation properties. Synthetic polymers, such as 
polyglycolide (PGA) [11], poly(L‐lactide) (PLLA) [12] and poly(d,l-lactic-co-glycolic acid) 
(PLGA) [63] are commonly used for scaffold-based TE applications. Then again, the high rigidity 
of scaffolds fabricated using these biomaterials makes their exploration for CTE applications 
challenging [12]. With this is mind, composite of these biomaterials has been investigated for 
reduction of rigidity of these scaffolds. Interestingly, composite of PLLA and poly-ε-caprolactone 
(PCL) investigated for CTE applications concluded that addition of PCL enabled reduction of 
rigidity, thereby causing increased viscoelasticity and flexibility of these scaffolds [12]. In 
addition, PCL has good bioresorbability, slower degradation rate (ranging from months to years), 
low cost, excellent viscoelastic properties, cellular biocompatibility and is non-immunogenicity 
[13-14]. Based on the potentials of PCL, this study focuses on optimization of 3D-printed PCL 
scaffolds for CTE applications. 
Both compressive and tensile behaviors of human articular cartilage are important for its 
functionality and integrity, so any scaffold for CTE application should mimic these properties. 
Compressive integrity of articular cartilage primarily depends on its glycosaminoglycans (GAGs) 
content, while its tensile integrity relies largely on its collagen type II content [15-16]. 
Furthermore, biosynthesis activities of cells near the articular cartilage or in CTE constructs are 
sensitive to mechanical stimuli [17]. In fact, dynamic compression as little as 0.5 MPa – 1.0 MPa 
at physiological frequencies of 0.01 MPa – 1.0 Hz have been reported to stimulate secretion of 
extracellular matrix (ECM) [18-19]. Despite the popularity of PCL-based scaffolds for CTE 
applications in recent times, these studies neither focused nor considered how tailoring mechanical 
properties of their PCL framework, to match that of articular cartilage, can indirectly change the 
game when it comes to secretion of cartilage-specific ECM in these scaffolds [14, 20]. In fact, 
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Table 5.1 comparing compressive and tensile moduli of PCL scaffolds fabricated using different 
methods and human articular cartilage of femoral heads showed the existence of a wide gap. Based 
on the previous explanations, the use of PCL scaffolds listed in Table 5.1 as a framework for CTE 
applications will result in stress-shielding of mechano-transduction and hinder transmission of 
mechanical stimuli directed at cells in these scaffolds, and consequently affect ECM secretion [18-
19]. In general, researchers are majorly focusing on ensuring that their PCL-based hybrid 
constructs for CTE applications secrete cartilage-specific ECM [14, 20-21] and paid little to no 
attention to the mechanical properties of these scaffolds. Another issue is the use of fabrication 
techniques that encourage uncontrollable porosity within scaffolds, do not allow fabrication of 
hybrid scaffolds from multiple materials and may involve use of toxic solvents [1, 4, 22, 26]. 
Examples of these fabrication techniques include electrospinning, selective laser sintering (SLS), 
injection molding, precision extruding deposition (PED), fused deposition modelling (FDM), drop 
on demand printing (DDP) etc. [22-25]. Forthwith, it is difficult to modulate their mechanical 
behavior to mimic articular cartilage. Furthermore, most investigations on optimization of 
mechanical behavior of PCL scaffolds for TE applications mostly focused on bone TE applications 
[22, 24, 25, 27]. Considering these limitations, fabrication techniques that will enable easy 
modulation of mechanical properties, 100 % pore interconnectivity and requires no solvent must 
be considered and explored for fabrication and optimization of mechanical properties of PCL 
scaffolds for CTE applications. 
 Rapid-prototyping (RP)-based 3D plotting technology developed at the Freiburg Materials 
Research Center circumvents most of the limitations of conventional fabrication techniques. It 
enables easy control of fabrication parameters, such as SZ, SS and SO, offers versatile pore 
geometry, 100 % pore-interconnectivity, reproducibility without the use of solvents and fabrication 
of hybrid constructs from multiple materials [14, 21, 28]. Thereby, it enables users to tailor 
mechanical properties and load-bearing attributes of their scaffolds to mimic articular cartilage in 
a manner not possible with conventional fabrication techniques [22-26]. These hybrid constructs 
with alternating strands of PCL and cell-impregnated hydrogel are promising for CTE as they 
biologically mimic native articular cartilage and enable secretion of cartilage-specific ECM [14, 
21, 29]. The PCL component of these hybrid constructs offers tensile strength, compressive 
strength, and resilience [22]. On the other hand, the hydrogel component helps with transmission 
or redistribution of nutrients through pores of the PCL scaffold. While both components play roles 
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in the overall mechanical behavior of the constructs, the compressive modulus of alginate is 
negligible compared to PCL [24, 30-31]. Therefore, modulation of mechanical properties of PCL-
based hybrid constructs to better mimic articular cartilage should focus on optimizing the PCL 
component of these PCL-based hybrid constructs. 
Table 5.1: Compressive and tensile moduli of human articular cartilage and PCL scaffolds 
reported in literature 
 Compressive moduli (MPa) Tensile moduli (MPa) 
Articular cartilage (human femoral 
head) 
1.16 ± 0.20 – 7.75 ± 1.45 [32]; 
4.3 ± 1.4 – 13.0 ± 4.2 [33]; 
3.2 ± 1.6 [34]; 
 2.22 ± 0.65 – 3.10 ± 0.84 [35]; 
 1 – 19.5 [36]; 
 0.079 ± 0.039 – 2.10 ± 2.69 [37]; 
0.679 ± 0.162 – 1.816 ± 0.868 [38] 
54.6 ± 37.6 [34]; 
 0.76 ± 0.13 [39]; 
 10.1 [40]; 
 24 [41] 
PCL scaffolds fabricated by SLS, 
Injection molding, electrospinning, 
PED, FDM, DDP 
215.4 ± 6.6 [24]; 
52 ± 2 – 67 ± 4 [30]; 
14.9 ± 0.6 [42]; 
59 [63]; 
150 – 200 [43]; 
44.0 ± 3.2 [44]; 
41.9 [45]. 
105 ± 15 [24]; 
 53 ± 36 [27]; 
 277.06 ± 27.66 [46]; 
2.9 - 5.2 [47];  
35.5 ± 5.8 [42] 
 
The influence of porosity on mechanical properties of tissue scaffolds has been well 
studied. A scaffold’s porosity is associated directly with its pore geometrical con- figurations; SZ, 
SS, and SO [1, 4, 22, 48-49]. That said, a direct relationship is reported to exist between porosity 
and mechanical properties of scaffolds. Therefore, understanding this relationship may enable 
better design of porous structures for different TE applications [2, 4, 22, 48]. A few studies that 
used RP-based techniques have explored modulation of SZ, SS, and SO as a metric to control 
scaffold’s porosity and consequently tailor mechanical properties of scaffolds for TE applications 
[2-5]. Moreover, none of these studies focused on CTE applications of PCL scaffolds. Thus, the 
first objectives of this study are to investigate the effect of modulating pore geometrical 
configurations (SS, SO and SZ) on porosity and mechanical behaviour of 3D-printed PCL 
scaffolds, and then compare these values with those of human articular cartilage. Furthermore, 
several investigators have studied the effect of molecular weight (MW) on biomaterials’ and 
scaffolds’ mechanical parameters such as elastic modulus, yield stress, fracture toughness, and 
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impact strength [50-53]. For example, mechanical properties of scaffolds increased with an 
increase in MW of PCL blended with Poly (ethylene terephthalate) (PET) [54]. Unfortunately, no 
systematic study has considered modulation of PCL’s MW as a parameter to tailor mechanical 
properties of PCL scaffolds or PCL-based constructs for CTE applications. Thus, the second 
objective of this study is to evaluate the influence of modulating MW on mechanical behaviour of 
PCL scaffolds, and to determine the most suitable MW for 3D printing of PCL scaffolds for CTE 
applications. 
5.3. Materials and Methods  
5.3.1. Design and Fabrication of PCL Scaffolds  
In experiment I, scaffolds for investigation of the influence of MW of PCL on mechanical 
behaviour were fabricated. PCL with MW characteristics-number average Mw (Average Mn) of 
approximately 80 000 gmol−1 (PCL80), 45 000 gmol−1 (PCL45) and 10 000 gmol−1 (PCL10) were 
purchased from Sigma Aldrich (St. Louis, MO, USA). For scaffold design, a computer-aided 
design (CAD) model of the bulk/block PCL scaffold was designed in Magics Envisiontec (V13, 
Materialise, Belgium). The bulk model was exported into Bioplotter RP (V2.9, Envisiontec GmbH, 
Germany) and sliced into 10 horizontal layers. After slicing, model was exported into Visual 
Machine (BP, V2.2, Envisiontec GmbH, Germany) and assigned fabrication parameters. The final 
3D model had a cuboid geometry with dimensions 15 mm x 15 mm x 2.4 mm, 10 layers, 0.26 mm 
strand thickness, 1 mm inter-SS, and 0° – 90° patterns. For scaffold fabrication, the different MWs 
of PCL were fed into the syringe of high temperature dispensing head at different times and 
dispensed through cylindrical metal needle with inner diameter of 300 μm using pneumatic 
pressure, crosshead speed and temperature presented in Table 5.2. Once the scaffolds were 
fabricated, structural features were compared with the original dimensions assigned during design. 
Then, the design parameters were adjusted and scaffolds were re-fabricated where necessary to 
ensure that the fabricated features were like the assigned designed dimensions. To investigate the 
effect of pore geometry on porosity and mechanical properties in experiment II, PCL scaffolds 
with SZ of 200 μm, 300 μm, or 400 μm; SS of 1 m, 1.5 m or 2 mm; and SO of 0°–90°, 0°–45°, or 
0°–45°–90°–135° were fabricated using the MW recommended in experiment I. Design of 
experiment called Box–Behnken design (BBD); a response-surface-methodology based 
experimental design [55-56], was used to reduce the number of experimental groups required to 
13 from 27  that could have been required for this experiment if a full-factorial design of 
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experiment was considered. 
Table 5.2: Processing parameters for fabrication of 3D-printed PCL scaffolds with varying 
molecular weight 
Scaffold Average Mn Cross head speed (mm/s) Pressure (MPa) Temperature (ºC) 
PCL10 2.5 0.4 65 
PCL45 1.5 0.8 90 
PCL80 1 0.8 110 
 
5.3.2.  Qualitative Analysis of Pore Morphology of 3D-printed PCL Scaffolds 
Scanning electron microscopy (SEM) images of uncoated PCL scaffolds were acquired 
using JEOL JSM 6010 SEM version 1.02 (JEOL, Tokyo, Japan). Prior to imaging, uncoated 
scaffolds were mounted on aluminum stubs using double-sided tape and positioned on the stage in 
the imaging compartment of the device. Then, SEM images of all the scaffolds in experiments I 
and II were collected using a secondary electron image (SEI) detector at an acceleration voltage 
of 2.1 kV. Subsequently, 2D assessments of scaffolds morphology, pore-interconnectivity and pore 
geometry were conducted. Comparatively, 3D assessments of scaffold morphology, pore-
interconnectivity and pore geometry were performed on the 3D volume rendered images of 
scaffolds obtained from the µCT data using FEI Amira 6.0.1 (Oregon, USA) visualization and 
analysis software.  
5.3.3. Mechanical Testing 
 Uniaxial unconfined compression and tensile tests were performed using Instron 3366 
Material testing System (Norwood, MA, USA). Compression tests were performed on the PCL10, 
PCL45 and PCL80 scaffolds (k = 4 for each MW) in experiment I while both compression and 
tensile tests were conducted on PCL scaffolds of the 13 experimental groups in experiment II (n 
= 3 for compression tests, and m = 3 for tensile tests). Prior to each mechanical test, the gauge 
length, width and thickness of each scaffold were measured by a digital Vernier calipers. For the 
compression tests, each scaffold was placed in between the two smooth and rigid platens of the 
Instron system, and load cell of 1 kN (Norwood, MA, USA) was used to subject each scaffold to 
a step force at a crosshead speed of 1 mm/min until a 1 mm displacement was reached in the 
scaffold. We ensured that homogenous compression with mean load intensity on the loaded side 
was applied throughout the compression. The force F (kN) and deformation d (mm) were recorded 
throughout the tests, and apparent stress and strain values were calculated to plot the stress–strain 
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curve for each scaffold. Elastic compressive moduli were estimated using the initial linear region 
of the plotted stress–strain curve. For the tensile tests, custom-made aluminum clamps were used 
to hold the scaffold in place. The surfaces of the aluminum clamps were layered with epoxy glue 
and each scaffold was carefully placed in between the aluminum clamps. Attachment of the two 
ends of scaffold to the clamps was done carefully to ensure that glue was only holding the scaffold 
in place and not migrating into the pores within the scaffold. These assemblies were allowed to set 
overnight before performing the mechanical test. Furthermore, the dimensions of the scaffolds in 
the test setup were adjusted carefully to obtain a set-up similar to those used in the compression 
tests. The initial gauge lengths were set to 0 and the scaffolds were subjected to displacements 
using the same load cell and displacement rate used in the compression test. The force and 
displacement values were collected as in the compression test, and the stress–strain curves were 
calculated and plotted accordingly to obtain elastic tensile moduli from the initial linear region of 
the curves.  
5.3.4. Quantitative Analysis of Porosity of 3D-printed PCL Scaffolds  
Porosity distribution was analyzed non-destructively and quantitatively from the micro-CT 
images of the scaffolds. First, micro-CT imaging of 3D-printed PCL scaffolds was conducted using 
a Bruker micro-CT SkyScan 1172 (Kontich, Belgium) scanner. PCL scaffolds (n = 3) representing 
the 13 experimental groups were scanned with acquisition protocol that consisted of pixel size of 
6.92 μm, X-ray tube settings of 40 kV and 250 μA, rotation step of 0.2°, 1 mm aluminum filter, 4-
frame averaging, 500 ms exposure time, and 1 hour 6 minutes’ scan time per sample. Isotropic 2D 
slices of the scaffolds were acquired from the projection datasets in a reconstruction procedure 
using NRECON V 1.6.10.1 (Skyscan 2011). Datasets were rotated in Dataviewer v.1.5.2 (Bunker) 
to achieve a standardized reorientation prior to analysis and exported into CT Analyser 1.3.2.2 
(Bunker) for 3D morphometric analysis of scaffolds. A region of interest that consists of 4.0 × 4.0 
mm2 of 80 image slices selected from each dataset were thresholded to distinguish scaffolds from 
background noise and pore voids as previously described in [1, 57]. Then, morphological 
information was extracted or calculated from the thresholded images. The quantitative 
morphological information included total volume, object volume, percentage object volume, and 
percentage porosity of scaffolds.  
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5.3.5. Statistical Analysis  
A one-way ANOVA F-test for independent samples was carried out using SPSS (Released 
2013 IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.) to determine the 
effect of PCL’s MW on compressive moduli of produced scaffolds in experiment I. Furthermore, 
post-hoc tests using Tukey’s test for difference of means was conducted to identify any significant 
difference present amongst compressive moduli of PCL10, PCL45 and PCL80 scaffolds. 
Statistical significance was set at 0.05. For experiment II, Design-Expert Software Version 9 (Stat-
Ease Inc., 2021E, Hennepin Ave., Minneapolis, MN, USA) was used for the RSM-based BBD 
experimental design. Then, model fitting was accomplished by linear regression analysis of the 
experimental data in SPSS (Released 2013 IBM SPSS Statistics for Windows, Version 21.0. 
Armonk, NY: IBM Corp.). The predictive models presented in equations (1) – (3) were used to 
evaluate the effect of each independent variable: SS, SO and SZ, on compressive modulus, tensile 
modulus and porosity of scaffolds respectively. 
Predictive model equation for compressive modulus (CM):  
YCM= β0 + βSSXSS + βSOXSO+ βSZXSZ + ε                                                (5.1) 
Because of violation of the homoscedasticity assumption, equation (1) was log-transformed to 
yield equation (1.1) 
Log-transformed predictive model for compressive modulus (CM): 
Ln YCM = β0 + βSSXSS + βSOXSO+ βSZXSZ + ε                       (5.1.1) 
Predictive model equation for tensile modulus (TM): 
YTM = β0 + βSSXSS + βSOXSO+ βSZXSZ + ε                        (5.2) 
Log-transformed predictive model for tensile modulus (TM):  
Ln YTM = β0 + βSSXSS + βSOXSO+ βSZXSZ + ε                         (5.2.1) 
Predictive model equation for porosity (P): 
YP= β0 + βSSXSS + βSOXSO+ βSZXSZ + ε                                   (5.3) 
Lastly, Pearson’s correlation was used to assess the relationship between compressive moduli and 
porosity and tensile moduli and porosity for the data points collected. Then, the results of these 
correlations were graphically presented. Statistical significance was set at p < 0.001. 
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5.4. Results  
5.4.1. Modulating MW Influenced Mechanical Behaviour of 3D-printed PCL 
Scaffolds  
Uniaxial unconfined compression test results showing the effect of varying MW on compressive 
moduli of 3D-printed PCL scaffolds are presented in Fig 5.1. The results of the one-way ANOVA 
F-test for independent samples showed a significant difference among compressive moduli of 
PCL10, PCL45 and PCL80 scaffolds. More specifically, post-hoc tests using Tukey’s test for 
difference of means revealed that significant differences existed between compressive moduli of 
PCL10 and PCL45 scaffolds (p < 0.001), and PCL45 and PCL80 scaffolds (p < 0.001). In addition, 
yield strengths of 0.56 ± 0.2 MPa, 1.4 ± 0.7 MPa, and 9.8 ± 0.8 MPa were measured for PCL10, 
PCL45 and PCL80 scaffolds respectively. Although PCL10 scaffolds have the lowest compressive 
moduli and compressive strengths (Fig. 5.1 B), these scaffolds were found to be highly brittle, 
have lower toughness, and reached failure the quickest, compared to PCL45 and PCL80 scaffolds 
(Fig. 5.1 A). 
  
 
Fig. 5.1: (A) Example stress–strain curves obtained from PCL scaffolds fabricated using average Mn of 10 K, 45 K and 80 K g 
mol−1, (B) graphical illustration depicting significant difference in the compressive moduli of PCL scaffolds fabricated using 
average Mn of 10 K, 45 K and 80 K gmol−1 
5.4.2. Qualitative Analysis of Pore Morphology of PCL Scaffolds  
The images from SEM revealed interconnected pores and homogenous structure. In 
addition, the SEM images of scaffolds depicted that morphology of the scaffolds had close 
resemblance to the CAD models used fabrication of scaffolds. Representative SEM images from 
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three of the experimental groups are presented in Fig. 5.2. From Fig. 5.2 A, the green line drawn 
across two strands clearly showed that the spacing between the two strands was approximately 
1800 μm (as expected from the CAD design). The cross-section of pore morphology shown in 
Figs. 5.2 D – F also provided evidence that strands in all cases maintained cylindrical shape except 
in the contact area. Similarly, 3D volume rendering performed on the micro-CT datasets of PCL 
scaffolds revealed 100 % interconnected pores and homogenous structure. In addition, 3D-
rendering images confirmed that designed CAD models and 3D-printed PCL scaffolds were well 
correlated. Similar to Fig. 5.2 (A), the green line drawn across two strands in Fig. 5.3 A clearly 
showed that the spacing between the two strands was approximately 1800 μm (as expected from 
the CAD design). The cross-sections of pore morphology shown in Figs. 5.3 D – F demonstrated 
that strands in all cases maintained uniform cylindrical shape except in the contact areas where 
strands are fused to the stands from top and bottom layers.  
  
Fig. 5.2: SEM images of 3D-printed PCL scaffolds with pore geometric configurations: (A) SZ: 200 μm, SS: 2 mm and SO: 0°–
90°;(B) SZ: 400 μm, SS: 1 mm and SO: 0°–45°–90°–135°;(C) SS: 1.5 mm, SZ: 200 μm and SO: 0°–45°;(D) – (F) are cross-sections 
through (A), (B) and (C) respectively. 
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Fig. 5.3: 3D rendering of 3D-printed PCL scaffolds with pore geometric configurations: (A) SZ: 200 μm, SS: 2 mm and SO: 0–
90°; (B) SZ: 200 μm, SS: 1.5 mm and SO: 0°–45°–90°–135°; (C) SZ: 400 μm, SS: 1 mm and SO: 0°–45°; (D) – (E) are cross-
sections through (A), (B) and (C) respectively. 
5.4.3. Modulating Pore Geometrical Configurations Influenced Mechanical 
Behaviour of PCL Scaffolds  
5.4.1.1 Effect of modulating pore geometrical configurations on compressive moduli of 3D-printed 
PCL scaffolds  
As shown in Table 5.3, the compressive moduli of 3D-printed PCL scaffolds obtained by 
modulating SZ, SS and, SO varied from 56.46 ± 3.267 MPa to 6.63 ± 0.50 MPa. The stress–strain 
curves for the 13 experimental groups, whose initial regions were used for calculation of 
compressive moduli, are presented in Fig. 5.4 (A). The figure labeled 13 at the top left corner of 
Fig. 5.4 A is an example of the complete stress–strain curve (for experimental group 13) and 
showed the important regions in each of the individual compressive stress–strain curves. Under 
compression, the PCL scaffolds were non-brittle and exhibited a linear elastic deformation at small 
strain followed by a yielding deformation high strain and then, strain hardening region at higher 
strain. Furthermore, regression equation (5.4) obtained from (1.1) clearly showed that pore 
geometric parameters SZ and SS significantly influenced CM of scaffolds (equation (5.1.1) is a 
log-transformed model of equation (5.1)). Every 100 μm increase in SZ caused CM to increase by 
approximately 1.39 times (p < 0.001) when all other factors were held constant. For example, 
compressive moduli of scaffolds fabricated with SS of 1.5 mm and SO of 0°– 45°, but with SZ of 
400 μm or 200 μm, had compressive moduli of 17.16 ± 1.44 MPa or 8.68 ± 0.52 MPa, respectively 
(i.e. approximately 2 times decrease). 
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ŶCM = 29.67 + 0.53XSS + 1.39XSZ                                 (5.4) 
Similarly, every 0.5mm increase in SS caused CM to decrease by approximately 2 times 
when all other factors were held constant (p < 0.001). For instance, scaffolds fabricated with SZ 
of 200 μm and SO of 0°– 90°, but with SS of 1 mm or 2 mm, had compressive moduli of 28.79 ± 
2.66 MPa or 6.63 ± 0.50 MPa, respectively (i.e. approximately 4 times decrease). Moreover, 
change in SO did not have a ‘statistically significant’ effect on compressive moduli of scaffolds (p 
> 0.05) and so was removed from the regression equation (4). 
 
Fig. 5.4: (A) Compressive stress–strain curves showing the initial regions of each curve for the 13 experimental groups of the 
3Dprinted PCL scaffolds; (B) tensile stress–strain curves showing the initial region of each curve for the 13 experimental groups 
of the 3D-printed PCL scaffolds; (13) on the top left corner of (A) and (B) are examples of the complete stress–strain curves. 
5.4.1.2 Effect of Modulating Pore Geometrical Configurations on Tensile Moduli of PCL 
Scaffolds  
Modulating SZ, SS and SO caused tensile moduli of 3D-printed PCL scaffolds to vary from 
46.04 ± 3.67 MPa to 6.03 ± 1.01 MPa (Table 5.3). The stress–strain curves for the 13 experimental 
groups, whose initial regions were used for calculation of tensile moduli, are presented in Fig. 5.4 
B. The figure labeled 13 (for experimental group 13) on the top of Fig. 4 B is an example of the 
complete stress–strain curve and showed the important regions in the individual tensile stress–
strain curves. Under tension, the PCL scaffolds were non-brittle and exhibited a linear elastic 
deformation at small strain, followed by yielding deformation at high strain, strain hardening, 
necking at higher strain before getting to their breaking points. The regression equation (5.5) 
obtained from (5.2.1) showed that pore geometric configurations; SS, SO and SZ, all have notable 
influence on tensile moduli of the fabricated PCL scaffolds (equation (2) was log-transformed to 
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yield (5.2.1): appendix provides explicit details of regression modeling of compressive moduli). 
In general, tensile modulus increases as SZ increases, decreases as SS increases, and increases 
with change in SO from 0°– 45° to 0°–90°; 0°–45° to 0°–45°–90°–135°; or from 0°–90° to 0°–
45°–90°–135°. Precisely, every 0.5 mm increase in SS caused tensile modulus to decrease by 
approximately 1.5 times when all other factors were held constant (p < 0.001). For example, 
scaffolds fabricated with SZ of 200 μm and SO of 0°–90°, but with SS of 1 or 2 mm, had tensile 
moduli of 18.15 ± 1.36 MPa or 6.03 ± 1.01 MPa, respectively (i.e. 3 times decrease). Similarly, 
every 100μm increase in SZ caused tensile modulus to increase by approximately 1.6 times (p < 
0.001) when all other factors were held constant. For example, tensile moduli of scaffolds 
fabricated with SS of 1.5 mm and SO of 0°–45°, but with SZ of 400 μm or 200 μm had 24.75 ± 
4.76 MPa or 9.66 ± 1.61 MPa, respectively (i.e. approximately 2.56 times decrease). Furthermore, 
as SO changes from 0°–45°to 0°–90° or from 0°–90° to 0°–45°–90°–135°, the tensile modulus 
increased by 1.2 times when all other factors were held constant (p < 0.001). 
ŶTM = 11.02 + 0.67XSS+ 1.19XSO+ 1.58XSZ                      (5.5) 
Table 5.3: Summary showing results of porosity and corresponding compressive and tensile 
modulus of 3D-printed PCL scaffolds  
RUNS SZ 
(µm) 
SO (degrees) SS 
(mm) 
Porosity (%) Compressive 
Modulus (MPa) 
Tensile 
Modulus (MPa) 
1 400 0-90 1 36.91 ± 0.16 56.46 ± 3.267 46.04 ± 3.67 
2 300 0-45 1 42.65 ± 0.51 39.23 ± 3.58 20.83 ± 2.50 
3 300 0-45-90-135 1 44.53 ± 0.80 33.62 ± 2.71 25.36 ± 1.46 
4 200 0-90 1 56.84 ± 2.66 28.79 ± 2.66 18.15 ± 1.36 
5 400 0-45 1.5 51.98 ± 0.56 17.16 ± 1.44 24.75 ± 4.76 
6 400 0-45-90-135 1.5 53.53 ± 0.31 15.59 ± 0.98 34.44 ± 4.73 
7 400 0-90 2 63.72 ± 0.04 13.31 ± 1.86 15.86 ± 1.27 
8 300 0-90 1.5 67.39 ± 0.95 14.81 ± 1.08 9.74 ± 0.74 
9 300 0-45-90-135 2 68.73 ± 0.55 11.43 ± 2.47 16.41 ± 1.00 
10 300 0-45 2 70.65 ± 0.96 11.47 ± 1.47 11.68 ± 2.94 
11 200 0-45 1.5 72.13 ± 0.80 8.68 ± 0.52 9.66 ± 1.61 
12 200 0-45-90-135 1.5 75.98 ± 0.45 8.69 ± 0.52 14.59 ± 0.51 
13 200 0-90 2 80.28 ± 2.94 6.63 ± 0.50 6.03 ± 1.01 
 
5.4.4. Effect of Modulating Pore Geometry on Porosity and Relationship 
Between Porosity and Mechanical Behaviour of PCL Scaffolds  
As shown in Table 5.3, porosity of 3D-printed PCL scaffolds varied from 36.91 ± 0.16 % 
to 80.28 ± 2.94 %. As expected, variations in porosity of these scaffolds were influenced 
significantly by modulation of pore geometrical parameters; SS and SZ (see regression equation 
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(5.6) obtained from (5.3) and appendix for detailed explanation). Specifically, every 0.5 mm 
increase in SS caused porosity to increase by 12.81 % (p < 0.001), while a 100 μm increase in SZ 
caused a decrease of 9.84 % in porosity (p < 0.001), when all other factors were held constant. For 
instance, porosity of scaffolds fabricated by increasing SS from 1 to 2 mm, while keeping SZ at 
300 μm and SO at 0°–45°, resulted in a porosity change from 42.65 ± 0.51 % to 70.65 ± 0.96 % 
(approximately twice of 12.81 %). Similarly, increasing SZ from 200 µm to 400 μm, while keeping 
SO at 0°–90° and SS at 1 mm, resulted in porosity of 56.84 ± 2.66 % and 36.91 ± 0.16 %, 
respectively (approximately twice of 9.84 %). 
ŶP = 54.62 – 9.84XSZ + 12.81XSS                              (5.6) 
Similarly, modulating SZ significantly influenced porosity of scaffolds, where every 100 
μm increase in SZ caused porosity to decrease by 9.84 % (p < 0.001) when all other factors were 
held constant. For example, increasing SZ from 200 µm to 400 μm, while keeping SO at 0°–90° 
and SS at 1 mm resulted in porosity of 56.84 ± 2.66 % and 36.91 ± 0.16 %, respectively 
(approximately twice of 9.84 %). Similar to regression equation (4), change in SO did not have a 
significant effect on porosity of scaffolds (p > 0.05) and so was removed (6). Correspondingly, an 
inverse linear relationship was found between porosity and compressive moduli, and porosity and 
tensile moduli of these 3D-printed PCL scaffolds (Figs. 5 A and B respectively). In a Pearson’s 
correlation test at 5 % level of significance, there was no evidence to reject the assumption that a 
linear inverse relationship exists between the compressive moduli and porosity of PCL scaffolds 
obtained (r = −0.868, p < 0.001). In the same manner, there is no evidence to reject the assumption 
that an inverse linear relationship exists between the tensile modulus and porosity measurements 
obtained (r = −0.826, p < 0.001) in a Pearson’s correlation test at 5 % level of significance. In sum, 
these data support a strong inverse relationship between the mechanical behaviour (i.e. 
compressive moduli and tensile moduli) and porosity of 3D-printed PCL scaffolds. All things 
considered, modulation of SS, SZ and SO resulted in fabrication of 3D-printed PCL scaffolds with 
compressive and tensile modulus values similar to reported values for human articular cartilage. 
These PCL scaffolds were tagged ‘modulated PCL scaffolds’ and have CM of 6.63 ± 4.2 MPa and 
tensile modulus of 6.03 ± 1.01MPa. CM of modulated PCL scaffolds (6.63 ± 4.2 MPa) can be 
concluded to be in the acceptable range when compared to compressive moduli of human articular 
cartilage already reported i.e. 0.079 ± 0.039 MPa – 13.0 ± 4.2 MPa [33, 34, 37] (see Table 5.1 for 
complete list). Similarly, the modulated PCL scaffolds’ tensile moduli of 6.03 ± 1.01 MPa is in 
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the acceptable range when compared with 0.76 MPa – 54.6 MPa reported as tensile moduli of 
human articular cartilage [34, 39, 40, 41] (see Table 5.1). 
 
Fig. 5.5: Plot of data points showing inverse linear relationships between (A) compressive moduli and porosity (B) tensile moduli 
and porosity, of 3D-printed PCL scaffolds. 
5.5. Discussion  
This study examined the effect of modulating molecular weight of PCL and pore geometry 
parameters: SS, SZ and SO on mechanical properties of scaffolds, motivated by a need to 
establish design parameters to enable fabrication of 3D-printed PCL-based constructs with 
framework that mechanically mimic native human articular cartilage. PCL is popularly used 
in musculoskeletal tissue engineering applications because of its biocompatibility, 
degradability, elasticity and it is FDA-approved. In addition, PCL-based 3D-printed hybrid 
constructs with living cells biologically mimic the multi-composite and biphasic nature of the 
articular cartilage and have therefore attracted attention for CTE applications [14, 21, 28-29]. 
However, these PCL-based cartilage regeneration constructs primarily aimed at biologically 
mimicking native human articular cartilage but pay little or no attention to ensuring that the 
TE constructs biomechanically mimic the tissues [14, 21, 28-29]. In fact, to the best of our 
knowledge, this study is the first to examine the effect of molecular weight of PCL and these 
pore geometry parameters in a direct head-to-head comparison to establish design parameters 
to enable fabrication of 3D-printed mimetic PCL-based constructs with framework that 
mechanically mimic native human articular cartilage.  
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The results from this study demonstrated that reducing molecular weight of PCL 
biomaterials (80 K, 45 K and 10 K) used for fabrication caused drastic and significant reduction 
in the compressive moduli of scaffolds from 138.01 ± 3.78 MPa - 12.26 ± 1.44 MPa and 
compressive strength of scaffolds from 20.93 ± 1.07 MPa - 1.31 ± 0.06 MPa (Fig. 5.1). 
Although PCL10 scaffolds have significantly lower compressive moduli (12.26 ± 1.44 MPa), 
PCL10 scaffolds experienced drastic and high brittleness, very low compressive strength, less 
toughness and reached failure quickly. Thereby making PCL10 scaffolds less feasible for 
fabrication of scaffolds for repair of tissues in high load-bearing regions such as joints where 
articular cartilage are often present. This phenomenon correlated with study of [54] where 
reducing molecular weight of PCL deteriorated the mechanical properties of the resultants 
when effect of adding various molecular weight of PCL to PET/PCL blends was examined. In 
fact, they recommended using blends containing PCL with molecular weight higher than 10000 
g/mol for industrial applications and that PCL with 10K or less molecular weight would not be 
feasible [54]. Furthermore, increasing molecular weight has been previously reported to 
increase number of tie molecules and consequently affect mechanical properties such as elastic 
modulus, yield stress, fracture toughness or impact strength of different materials [50-52, 58]. 
Since PCL45 was non-brittle and possesses higher toughness than PCL10, PCL45 was further 
explored for fabrication of mimetic 3D-printed scaffolds for CTE applications in experiment 
II. Summarily, modulation of molecular weight enable tailoring mechanical properties of PCL 
scaffolds explored for CTE applications.   
The results from this study also showed that modulation of pore geometry parameters: SS, 
SZ and SO have direct effect on porosity distribution of scaffolds. Furthermore, multiple 
regression (5.6) showed that varying SZ and SS independently resulted in significant difference 
(p < 0.001) in porosity of scaffolds. This change is such that an increase of 0.5 mm in SS 
caused porosity to increase by an additional 12.81 % while an increase of 100 μm in SZ caused 
porosity to increase by an additional 9.81% (p < 0.001) when all other factors are held constant. 
Although modulation of SO affected porosity of scaffolds, the influence was not significant in 
the presence of SS and SZ (p > 0.05). For example, the porosity of scaffolds fabricated with 
same SZ of 300 μm and SS of 1 mm but different SO were 42.65 ± 0.51 % and 44.53 ± 0.80 
% respectively. Similarly, scaffolds fabricated with SZ of 200 μm and SS of 1.5 mm but 
different SO: 0-45o and 0-45-90-135o were 72.43 ± 0.80 % and 75.28 ± 0.45 % respectively. 
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This difference (see Table 5.2) has been previously described in a simulation experiment of 
these 3D-printed scaffolds to be because of contact angle made by the strands during strand 
fusion and the “spreading process” [59]. Although porosity of scaffolds increased while 
modulating pore geometry from 36.91 ± 0.16 % to 80.28 ± 2.94 %, this increment did not cause 
the scaffolds to collapse. In fact, 3D-printed PCL scaffolds with higher porosity tend to possess 
better elasticity and flexibility that can enable them better mimic native articular cartilage. 
Furthermore, 2D characterization of the morphology of the scaffolds by SEM and 3D rendering 
showed that the architecture of scaffolds has optimal resemblance when compared to the CAD 
models used for 3D-printing of scaffolds. The results also demonstrated that based on the 
concept of RP-based 3D-printing, scaffolds were reproducible with the same properties always 
during fabrication. These images also showed that the scaffolds possess 100 % pore-
interconnectivity. Cross-section of pore morphology shown in Fig. 5.2 and 5.3 (D) – (E) 
provided us with evidence that strands in all cases maintained cylindrical shape except in the 
contact area where strand fusion caused a “spreading process” previously described in a 
simulation experiment of these 3D-printed scaffolds in [59]. 
3D-printed mimetic PCL scaffolds were mechanically characterized through unconfined 
compressive and tensile tents for different pore geometrical configurations (SO, SS and SZ). 
From a mechanical point of view, the deduced that change in organization and volume caused 
by modulation of SO, SS and SZ played a determinant role in both porosity, tensile and 
compressive properties of the whole scaffold. That said, it was indeed clear that an inverse but 
linear relationship existed between compressive or tensile moduli and porosity of scaffolds 
(Fig. 5.4 and 5.5). In addition, increasing SS and reducing SZ increased porosity and reduced 
both compressive and tensile moduli (Equation 5.4 and 5.5), while changing SO notably 
affected tensile moduli of scaffolds (Equation 5.5). These modulations consequently caused 
the elasticity and flexibility of scaffolds to increase and better mimic native articular cartilage. 
Although modulation of SO affected compressive moduli of scaffolds, these effects were not 
notable in the presence of SS and SZ (p > 0.05). For example, the compressive moduli of 
scaffolds fabricated using the same SZ of 300 μm and SS of 1 mm but different SO: 0-45o and 
0-45-90-135o were 39.23 ± 3.58 MPa and 31.62 ± 2.71 MPa respectively. Similarly, the 
compressive moduli of scaffolds fabricated using SZ of 200μm and SS of 1.5 mm but different 
SO: 0-450 and 0-45-90-1350 were 8.68 ± 0.52 MPa and 8.40 ± 1.23 MPa respectively. 
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Interestingly, change in SO notably affected tensile moduli of scaffolds in the presence of SS 
and SZ. These results correspond to the findings of [4, 22, 48, 61] who reported change in 
mechanical properties of their scaffolds as a results of varying pore geometry parameters. Our 
results also supported other studies that claimed that a relationship exists between porosity and 
mechanical properties of scaffolds [4, 48-49, 60].  
Furthermore, fabricated using SZ of 200 μm, SO of 0-90o and SS of 2mm reported the 
lowest compressive moduli of 6.63 ± 0.50 MPa and tensile moduli of 6.03 ± 1.01 MPa and was 
tagged “modulated PCL scaffolds”. In the context of this study, the published data on 
compressive moduli and tensile moduli of human articular cartilage obtained from heads / 
femoral condyles are in the range 1.16 MPa – 13 MPa [32-33, 40, 61-62] and 5 MPa - 25 MPa 
[40, 62] respectively. In comparison, tensile moduli of PCL scaffolds of different sizes 
fabricated using different methods are in the range 25.7 MPa – 277.06 MPa [24, 27, 30, 46] 
and reported compressive moduli varied from 20 MPa - 67 MPa [23, 24, 26, 45]. Based on 
these results, the modulated PCL scaffolds fall in the range of compressive and tensile moduli 
of native human articular cartilage reported in literature. Therefore, this study suggests that the 
specifications for fabrication of the modulated PCL scaffolds may be adopted for 3D-printing 
of PCL-based scaffolds with framework that will not only biologically mimic but also 
mechanically mimic the microenvironment of native human articular cartilage. 
5.6. Conclusions  
In this study, we successfully modulate the mechanical properties of 3D-printed PCL 
scaffolds to mimic human articular cartilage by varying MW of PCL biomaterials and pore 
geometrical configurations of SS, SZ and SZ. Based on compression tests, we showed that 
PCL biomaterial with a MW value of 45 K was a more appropriate choice for fabrication of 
viscoelastic, flexible and load-bearing scaffolds. We also found that the pore geometric 
configurations of SS, SZ and SZ could be modulated to influence porosity, tensile and 
compressive moduli of scaffolds. In addition, we reported that an inverse linear relationship 
existed between porosity and mechanical properties (i.e. increasing porosity caused reduction 
in the compressive and tensile moduli) of these scaffolds. Ultimately, these modulations 
resulted in ‘modulated PCL scaffolds’ with compressive and tensile moduli of 6.63 ± 0.50 MPa 
and 6.03 ± 1.01 MPa, respectively, which are in the reported range of human femoral articular 
cartilage. In sum, this study illustrates that modulating MW and pore geometrical configurations 
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offer great potential for manipulation of mechanical behavior of 3D-printed PCL-based 
mimetic scaffolds for CTE applications. 
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Chapter 6: Conclusions and Future Work 
6.1. Conclusions 
Three-dimensional (3D)-printed cartilage constructs fabricated from polycaprolactone and 
chondrocyte-impregnated alginate hydrogel mimic the biphasic nature of articular cartilage and 
offer promise for CTE applications. However, ascertaining that these constructs provide both 
biologically conducive environment and mechanical support for cellular activities and cartilage 
regeneration is still a challenge. Having said that, the regulatory pathway for medical device 
development requires validation of implants, such as these cartilage constructs, through in vitro 
bench test and in vivo preclinical examination prior to their premarket approval. Since mechano-
transduction and secretion of cartilage-specific ECM are influenced by mechanical stimuli directed 
at cells within these constructs, ensuring that these cartilage constructs have mechanical properties 
similar to those of human articular cartilage is also critical to their success. Furthermore, an 
effective non-invasive imaging technique is required for evaluation of progression of these hybrid 
cartilage constructs. However, current non-invasive techniques cannot decipher components of the 
hybrid cartilage constructs, nor their time-dependent structural changes, because they contain 
hydrophobic and hydrophilic biomaterials with different X-ray refractive indices.  
The aims of this thesis were to develop 3D-printed cartilage constructs that biologically 
and mechanically mimic human articular cartilage and to investigate SR-inline-PCI-CT as a non-
invasive imaging technique to characterize components of these constructs and associated time-
dependent structural changes. Specifically, the research was carried out along the following three 
directions: 
a. Investigation of SR-inline-PCI-CT by modulation of SDDs to obtain the optimal SDD with 
effective edge enhancement fringes with capability to decipher the individual components of 
the 3D-printed PCL/alginate/cells constructs and associated structural changes. 
Complementarily, in vitro biological functionality of the cartilage constructs over a 42-day 
period in vitro was investigated by traditional invasive histological assays. 
b. Analysis of the in vivo biological functionality of the 3D-printed hybrid cartilage constructs 
over a 21-day period post-implantation in nude mice by invasive histological assays. Then, 
characterization of individual components and associated structural changes within 3D-
printed cartilage constructs over a 21-day period post-implantation in nude mice by the 
optimal SR-inline-PCI-CT parameters previously reported.  
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c. Modulation of the MW of the PCL and pore geometrical configurations of PCL scaffolds 
enabled design and fabrication of PCL scaffolds with mechanical and biomimetic properties 
that better mimic mechanical behaviour of human articular cartilage. 
The main conclusions drawn from this research are summarized as follows: 
 This thesis illustrated that SR-inline-PCI-CT offers an unparalleled technique for non-
invasive, non-destructive and three-dimensional characterization of samples with 
multiple low X-rays attenuation coefficient in a manner that would be impossible by 
conventional non-invasive imaging techniques. Specifically, an SDD of 3 m provided 
the edge enhancement fringes with capability for effective visualization of all 
components of the cell-impregnated biphasic cartilage constructs in aqueous solution 
and in situ in mice. In addition, the optimal SDD of 3 m allowed assessment of subtle 
structural changes within the 3D-printed PCL/alginate/cells constructs and surrounding 
fluid over a 42-day period in vitro and in situ  over a 21-day period post-implantation in 
mice.  
 Cell-impregnated 3D-printed cartilage constructs showed successful biological 
performance in vitro over a 42-day period and in vivo in mice over a 21-day period. In 
detail, cell viability was above 70 % at all time-points, and there was progressive 
secretion of sulfated GAGs and Col2 over time both in vitro and in vivo. Thus, the 3D-
printed cell-impregnated cartilage constructs can be scaled-up for regeneration of 
articular cartilage in vivo and as such have great potential for articular cartilage 
regeneration.  
 Experimental results showed that modulating molecular weight (MW) and pore 
geometrical configurations have statistically significant effect on the mechanical 
behavior of the PCL scaffolds. “Modulated PCL scaffolds” identified have compressive 
and tensile moduli of 6.63 ± 0.50 MPa and 6.03 ± 1.01 MPa respectively and these 
values are in the reported range of human femoral articular cartilage. The PCL 
framework of the “modulated PCL scaffolds” was recommended as framework for 
subsequent studies focused on fabrication of PCL-based constructs for CTE 
applications. 
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6.2. Future Work 
Based on the research presented in this thesis, the following are the recommendations and 
suggested projects that can be conducted to extend or build upon these results: 
1. Although the mechanical properties of the PCL framework were modulated to mimic those 
of human articular cartilage, this thesis did not study the difference between the mechanical 
properties of individual zones of the articular cartilage and how the PCL scaffolds could 
be modulated to represent the individual zones of the articular cartilage. Therefore, a study 
focused on modulation of the framework of the PCL scaffolds to mimic each zone of the 
articular cartilage is recommended.  
2. Mechanical stimuli exerted on chondrocytes in articular cartilage has been reported to 
affect secretion of cartilage-specific ECM. Therefore, a study considering the effect of 
mechanical stimuli on secretion of ECM within the 3D-printed hybrid constructs implanted 
in the stifle joint of larger animal such as pigs or goats is suggested. 
3. Both in vitro and in vivo studies ended within a 42-day period and the period were too short 
for growth of thick cartilage neo-tissues that might be easier to delineate by SR-inline-PCI-
CT. As such, a clinically-relevant longer period than explored in this thesis (e.g. 6 - 12 
months) is recommended for investigation of the secretion of ECM within these constructs. 
Furthermore, long-term non-invasive assessment of the progression of tissue growth in 
animal models over a long period (e.g. 6 - 12 months) by SR-inline-PCI-CT. Lastly, 
measurement of the absorbed radiation dose during imaging of these cartilage constructs 
and possibly optimization of this technique to ensure radiation safety without diminishing 
the image quality provided is recommended. 
4. The progression towards the use of non-immunodeficient large animals such as pigs or 
rabbits will require investigation of autologous viable chondrocytes or mesenchymal stem 
cells extracted from these animals. Since the biphasic 3D-printed cartilage constructs have 
proven to be successful with different cell types, a large in vitro study may not be necessary. 
Thus, this thesis recommends conducting a pilot in vitro study to examine the functionality 
of autologous cells (from an animal of interest) within the biphasic 3D-printed cartilage 
constructs. Then, a subsequent in vivo examination of the functionality of the cartilage 
constructs in an animal model of interest after the successful completion and 
troubleshooting of the in vitro feasibility study.  
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5. Because an increase in secretion of cartilage-specific ECM is highly desirable for effective 
regeneration of hyaline cartilage, this thesis also recommends: 
a. Examination of the effect of inclusion of bioactive molecules or growth factors to 
enhance cell proliferation and amount of cartilage-specific ECM secreted within 
the biphasic 3D-printed PCL/alginate/cells constructs over time. 
b. Investigation of decellularized extracellular matrix (which contains the components 
of the extracellular matrix without cells) as an alternative to alginate hydrogel for 
promotion of biomimetic cell differentiation and cell viability within the biphasic 
3D-printed PCL/alginate/cells constructs.  
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Appendix for Chapter 3: Regression Modelling of Compressive 
Moduli, Tensile Moduli and Porosity 
Modelling Compressive Modulus 
Predictive Model: 
Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Test of assumptions for model 
Dependent variable is continuous – Implicit by design 
Two or more independent variables – Implicit by design 
Homoscedasticity – The scatter plot of the standardized residuals and the standardized predicted 
values shows some divergence of the points. The variance is noted to be increasing across residuals 
suggesting a violation of the homoscedasticity assumption. Analysis to be re-run with the outcome 
variable transformed.  
Test of Assumptions with Y Log-Transformed 
Predictive model: 
Ln Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Dependent variable is continuous – Implicit by design 
Two or more independent variables – Implicit by design 
Independence of residuals (Durbin Watson test for autocorrelation of residuals) – Durbin Watson 
test statistic of 2.148 is greater than the upper bound (1.392) from the Savin and White tables 
(N=39, k=2). Thus, we cannot reject the null hypothesis of zero autocorrelation. 
Model Summaryb 
Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 
1 .904a .818 .808 .27636 2.148 
a. Predictors: (Constant), Strand_ Spacing, Strand_Size 
b. Dependent Variable: Ln_Compressive_Modulus 
Linear relationship between the dependent variable and each independent variable – Independent 
variables are categorical 
Homoscedasticity – The scatter plot of the standardized residuals and the standardized predicted 
values do not fan out. There is no distinct pattern. Using the Breusch-Pagan test for 
homoscedasticity, the p-value = 0.955 > α = 0.05. Thus, we cannot reject the hypothesis that the 
variances of the residuals are constant. 
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ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 
Regression .069 2 .035 .046 .955b 
Residual 27.032 36 .751   
Total 27.101 38    
a. Dependent Variable: Residuals_Sq 
b. Predictors: (Constant), Strand_ Spacing, Strand_Size 
Similarly, using the abridged White test, the p-value = 0.575 > α = 0.05. Thus we cannot reject the 
hypothesis that the variances of the residuals are constant. 
ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 
Regression .820 2 .410 .562 .575b 
Residual 26.281 36 .730   
Total 27.101 38    
a. Dependent Variable: Residuals_Sq 
b. Predictors: (Constant), Pred_Values_Sq, Standardized Predicted Value 
Multicollinearity – All predictor variables are independent of each other, with the correlation 
matrix showing non-significant Pearson correlations. Also, neither the VIF and condition number 
for each variable is greater than 10 or 30 respectively. 
Outliers or influential points – The standardized residuals are not less than -3 or greater than 3. 
Mean values for Cook’s distance was less than 4/n and no Cook’s value was greater than 1; thus 
influential points are unlikely. 
Residuals Statisticsa 
 Minimum Maximum Mean Std. Deviation N 
Predicted Value 1.8215 3.7585 2.7900 .56985 39 
Std. Predicted 
Value 
-1.699 1.699 .000 1.000 39 
Standard Error of 
Predicted Value 
.044 .091 .076 .013 39 
Adjusted 
Predicted Value 
1.8076 3.7302 2.7870 .56855 39 
 155 
 
Residual -.50039 .48888 .00000 .26899 39 
Std. Residual -1.811 1.769 .000 .973 39 
Stud. Residual -1.875 1.832 .005 1.012 39 
Deleted Residual -.53650 .52416 .00304 .29099 39 
Stud. Deleted 
Residual 
-1.946 1.897 .004 1.024 39 
Mahal. Distance .000 3.167 1.949 .923 39 
Cook's Distance .000 .085 .027 .024 39 
Centered 
Leverage Value 
.000 .083 .051 .024 39 
a. Dependent Variable: Ln_Compressive_Modulus 
Normality of residuals – At the 5 % level of significance, there is insufficient evidence to reject 
the assumption that the standardized residuals of the compressive modulus are normally distributed 
(p-value = 0.129). 
Tests of Normality 
 Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.122 39 .147 .956 39 .129 
a. Lilliefors Significance Correction 
Hypothesis testing 
 Beta 
Coefficient 
t Sig 95 % Confidence Interval for Beta 
Lower bound Upper bound 
Constant 3.508 17.528 .000 3.102 3.915 
Strand_Size 0.334 5.925 .000 0.220 0.448 
Strand_Spacing -0.635 -11.621 .000 -0.749 -0.520 
Strand_Orientation -0.058 -1.037 .307 -0.173 0.056 
a. Dependent Variable: Ln_Compressive_Modulus 
 Beta 
Coefficient 
t Sig 95 % Confidence Interval for Beta 
Lower bound Upper bound 
Constant 3.391 20.482 .000 3.056 3.727 
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Strand_Size 0.334 5.919 .000 0.219 0.448 
Strand_Spacing -0.635 -
11.249 
.000 -0.749 -0.520 
a. Dependent Variable: Ln_Compressive_Modulus 
b. Strand_Orientation was not a statistically significant predictor of compressive modulus and thus eliminated from the model. 
Conclusion 
Final regression equation modelling the transformed compressive modulus: 
Ln ŷ = 3.39 - 0.64Xstrand spacing + 0.33Xstrand size  
For every unit increase in strand spacing, the log of the compressive modulus will decrease by 
0.64 units (when all other factors are held constant). For every unit increase in strand size, the log 
of the compressive modulus will increase by 0.33 units (when all other factors are held constant). 
Thus, the compressive modulus increases with increasing strand size and decreases with increasing 
strand spacing. 
Exponentiated Interpretation 
Final regression equation modelling the compressive modulus: 
Ln Ŷ = 3.39 - 0.64Xstrand spacing + 0.33Xstrand size 
Exponentiate to reverse transformation 
Ŷ = 29.67 + 0.53Xstrand spacing + 1.39Xstrand size  
For every unit increase in strand spacing, the compressive modulus will increase by 0.5 times (or 
decrease by 2) when all other factors are held constant. For every unit increase in strand size, the 
compressive modulus will increase by 1.3 times (when all other factors are held constant). Thus, 
the compressive modulus increases with increasing strand size and decreases with increasing 
strand spacing. 
NB: Unit increments as referred to in this interpretation correspond to the following: 
 Strand spacing: 1 unit increase = 0.5 mm increase in strand spacing 
 Strand size: 1 unit increase = 100 µm increase in strand size 
Modelling the Tensile Modulus  
Predictive Model: 
Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Test of assumptions for model 
Dependent variable is continuous – Implicit by design 
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Two or more independent variables – Implicit by design 
Homoscedasticity – The scatter plot of the standardized residuals and the standardized predicted 
values shows some divergence of the points. The variance is noted to be increasing across residuals 
suggesting a violation of the homoscedasticity assumption. Analysis to be re-run with the outcome 
variable transformed.  
Test of Assumptions with Y log-Transformed 
Predictive model (n=39): 
Ln Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Normality of residuals – At the 5 % level of significance, there is evidence to reject the assumption 
that the standardized residuals of the tensile modulus are normally distributed (p-value =0.023). 
The normality assumption has been violated. 
Tests of Normality 
 Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.116 39 .200* .933 39 .023 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
Outliers or influential points – More than 5 % of the data points lie outside the standardized score 
range of -2 to 2.  
Casewise Diagnosticsa 
Case Number Std. Residual Ln_Tensile_Modulus Predicted Value Residual 
15 -2.045 2.33 2.8240 -.49375 
17 -2.644 2.19 2.8240 -.63846 
18 -2.147 2.31 2.8240 -.51837 
a. Dependent Variable: Ln_Tensile_Modulus 
Given the above finding and the violation of the normality assumption, the model would need to 
be refit eliminating the data points that were significant outliers (starting with case number 17 and 
18).  
Refit Log-Transformed Model 
Refit predictive log transformed model (n = 37): 
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Ln Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Dependent variable is continuous – Implicit by design 
Two or more independent variables – Implicit by design 
Independence of residuals (Durbin Watson test for autocorrelation of residuals) – Durbin Watson 
test statistic of 2.418 is greater than the upper bound (1.446) from the Savin and White tables 
(N=37, k=3). Thus, we cannot reject the null hypothesis of zero autocorrelation. 
Model Summaryb 
Mode
l 
R R Square Adjusted R 
Square 
Std. Error of 
the Estimate 
Durbin-Watson 
1 .937a .879 .868 .20058 2.418 
a. Predictors: (Constant), Strand_Orientation, Strand_Thickness, Strand_Size 
b. Dependent Variable: Ln_Tensile_Modulus 
Linear relationship between the dependent variable and each independent variable – Independent 
variables are categorical 
Homoscedasticity – The scatter plot of the standardized residuals and the standardized predicted 
values do not fan out. There is no distinct pattern. Using the Breusch-Pagan test for 
homoscedasticity, the p-value = 0.630 > α = 0.05. Thus, we cannot reject the hypothesis that the 
variances of the residuals are constant. 
ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 
Regression 3.163 3 1.054 .583 .630b 
Residual 59.689 33 1.809   
Total 62.851 36    
a. Dependent Variable: Std_Resid_Sq 
b. Predictors: (Constant), Strand_Orientation, Strand_Thickness, Strand_Size 
 
Similarly, using the abridged White test, the p-value = 0.564 > α = 0.05. Thus, we cannot reject 
the hypothesis that the variances of the residuals are constant. 
ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 2.083 2 1.042 .583 .564b 
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Residual 60.768 34 1.787   
Total 62.851 36    
a. Dependent Variable: Std_Resid_Sq 
b. Predictors: (Constant), Standardized Predicted Value, Std_Pred_Values_Sq 
Multicollinearity – All predictor variables are independent of each other, with the correlation 
matrix showing non-significant Pearson correlations. Also, neither the VIF and condition number 
for each variable is greater than 10 or 30 respectively. 
Outliers or influential points – The standardized residuals are not less than -3 or greater than 3. 
Mean values for Cook’s distance was less than 4/n and no Cook’s value was greater than 1; thus, 
influential points are unlikely. 
Residuals Statisticsa 
 Minimum Maximum Mean Std. Deviation N 
Predicted Value 1.9925 3.7180 2.8552 .51719 37 
Std. Predicted Value -1.668 1.668 .000 1.000 37 
Standard Error of 
Predicted Value 
.033 .067 .066 .006 37 
Adjusted Predicted 
Value 
2.0004 3.7150 2.8539 .51763 37 
Residual -.52502 .37644 .00000 .19204 37 
Std. Residual -2.617 1.877 .000 .957 37 
Stud. Residual -2.654 1.990 .003 1.006 37 
Deleted Residual -.53960 .42314 .00137 .21215 37 
Stud. Deleted Residual -2.946 2.089 -.005 1.041 37 
Mahal. Distance .000 3.000 2.919 .493 37 
Cook's Distance .000 .139 .026 .030 37 
Centered Leverage 
Value 
.000 .083 .081 .014 37 
a. Dependent Variable: Ln_Tensile_Modulus 
Normality of residuals – At the 5 % level of significance, there is insufficient evidence to reject 
the assumption that the standardized residuals of the tensile moduli are normally distributed (p-
value = 0.258) 
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Tests of Normality 
 Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.108 37 .200* .963 37 .258 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
Hypothesis Testing 
 Beta 
Coefficient 
t Sig 95 % Confidence Interval for Beta 
Lower bound Upper bound 
Constant 2.403 16.504 .000 2.107 2.700 
Strand_Spacing -0.401 -9.791 .000 -0.484 -0.318 
Strand_Orientation 0.165 4.029 .000 0.082 0.248 
Strand_Size 0.462 11.281 .000 0.379 0.545 
b. Dependent Variable: Ln_Tensile_Modulus 
Conclusion 
Final regression equation modelling the transformed tensile modulus: 
Ln Ŷ = 2.40 - 0.40Xstrand spacing + 0.17Xstrand orientation + 0.46Xstrand size  
For every unit increase in strand spacing, the log of tensile modulus will decrease by 0.40 units 
(when all other factors are held constant) and as strand orientation changes from 0-45 to 0-90 or 
from 0-90 to 0-45-90-135, the log of the tensile modulus will increase by 0.17 units (when all other 
factors are held constant). For every unit increase in strand size, the log of the tensile modulus will 
increase by 0.46 units (when all other factors are held constant). Thus, the tensile modulus 
increases with increasing strand size and decreases with increasing strand spacing. It also increases 
with change in strand orientation from 0-45 to 0-90; 0-45 to 0-45-90-135 or from 0-90 to 0-45-90-
135. 
Exponentiated Interpretation 
Final regression equation modelling the tensile modulus: 
Ln ŷ = 2.40 - 0.40Xstrand spacing + 0.17Xstrand orientation + 0.46Xstrand size 
Exponentiate to reverse transformation 
Ŷ = 11.02 + 0.67Xstrand spacing + 1.19Xstrand orientation + 1.58Xstrand size  
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For every unit increase in strand spacing, the tensile modulus will increase by 0.67 times (or 
decrease by 1.5 times) when all other factors are held constant. As strand orientation changes from 
0-45 to 0-90 or from 0-90 to 0-45-90-135, the tensile modulus will increase by 1.2 times (when all 
other factors are held constant). Furthermore, for every unit increase in strand size, the tensile 
modulus will increase by 1.6 times (when all other factors are held constant). Thus, tensile modulus 
increases with increasing strand size and decreases with increasing strand spacing. It also increases 
with change in strand orientation from 0-45 to 0-90; 0-45 to 0-45-90-135 or from 0-90 to 0-45-90-
135. 
NB: Unit increments as referred to in this interpretation correspond to the following: 
 Strand spacing: 1 unit increase = 0.5mm increase in strand spacing 
 Strand size: 1 unit increase = 100 µm increase in strand size 
 Strand orientation is a nominal variable and was represented with ordinal values (1, 2, 3) 
for the regression analysis. Thus, the interpretation is made to reflect the actual nominal 
nature of the orientation.  
Modelling Object Porosity  
Predictive Model: 
Y = β0 + βstrand spacing Xstrand spacing + βstrand orientation Xstrand orientation + βstrand size Xstrand size + ε 
Test of Assumptions for Model 
Dependent variable is continuous – Implicit by design 
Two or more independent variables – Implicit by design 
Independence of residuals (Durbin Watson test for autocorrelation of residuals) – Durbin Watson 
test statistic of 2.361 is greater than the upper bound (1.392) from the Savin and White tables 
(N=39, k=2). Thus, we cannot reject the null hypothesis of zero autocorrelation. 
Model Summaryb 
Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 
1 .952a .906 .901 4.24939 2.361 
a. Predictors: (Constant), Strand_ Spacings, Strand_Size 
b. Dependent Variable: Object_Porosity 
Linear relationship between the dependent variable and each independent variable – Independent 
variables are categorical. 
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Homoscedasticity – The scatter plot of the standardized residuals and the standardized predicted 
values do not fan out. There is no distinct pattern. Using the Breusch-Pagan test for 
homoscedasticity, the p-value = 0.730 > α = 0.05. Thus, we cannot reject the hypothesis that the 
variances of the residuals are constant. 
ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 
Regression 1.606 2 .803 .318 .730b 
Residual 91.054 36 2.529   
Total 92.661 38    
a. Dependent Variable: Residuals_Sq 
b. Predictors: (Constant), Strand_ Spacing, Strand_Size 
Similarly, using the abridged White test, the p-value = 0.391 > α = 0.05. Thus, we cannot reject 
the hypothesis that the variances of the residuals are constant. 
ANOVAa 
Model Sum of Squares df Mean Square F Sig. 
1 
Regression 4.715 2 2.357 .965 .391b 
Residual 87.946 36 2.443   
Total 92.661 38    
a. Dependent Variable: Residuals_Sq 
b. Predictors: (Constant), Pred_Values_Sq, Standardized Predicted Value 
Multicollinearity – All predictor variables are independent of each other, with the correlation 
matrix showing non-significant Pearson correlations. Also, neither the VIF and condition number 
for each variable is greater than 10 or 30 respectively. 
Outliers or influential points – The standardized residuals are not less than -3, but one data point 
has a residual greater than 3 suggestive of an outlier. However, closer inspection of the data point 
revealed no cause for concern. Mean values for Cook’s distance was less than 4/n and no Cook’s 
value was greater than 1; thus, influential points are unlikely. 
Residuals Statisticsa 
 Minimum Maximum Mean Std. Deviation N 
Predicted Value 
37.9159 83.2032 60.55
96 
12.83372 39 
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Std. Predicted Value -1.764 1.764 .000 1.000 39 
Standard Error of 
Predicted Value 
.680 1.403 1.162 .197 39 
Adjusted Predicted 
Value 
38.0172 83.9175 60.60
92 
12.84894 39 
Residual 
-5.84036 12.87175 .0000
0 
4.13605 39 
Std. Residual -1.374 3.029 .000 .973 39 
Stud. Residual -1.456 3.069 -.006 1.001 39 
Deleted Residual 
-6.55465 13.21048 -
.0496
3 
4.37612 39 
Stud. Deleted Residual -1.480 3.521 .007 1.046 39 
Mahal. Distance .000 3.167 1.949 .923 39 
Cook's Distance .000 .086 .019 .021 39 
Centered Leverage 
Value 
.000 .083 .051 .024 39 
a. Dependent Variable: Object_Porosity 
Normality of residuals – At the 5 % level of significance, there is insufficient evidence to reject 
the assumption that the standardized residuals of the compressive modulus are normally distributed 
(p-value = 0.051) 
Tests of Normality 
 Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Standardized 
Residual 
.096 39 .200* .944 39 .051 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
Hypothesis Testing 
 Beta 
Coefficient 
t Sig 95 % Confidence Interval for Beta 
Lower bound Upper bound 
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Constant 55.725 17.937 .000 49.418 62.033 
Strand_Size -9.836 -
11.245 
.000 -11.612 -8.060 
Strand_ Spacing 12.808 14.642 .000 11.032 14.583 
Strand_Orientation -0.554 -0.634 .530 -2.330 1.221 
a. Dependent Variable: Object_Porosity 
 Beta 
Coefficient 
t Sig 95 % Confidence Interval for Beta 
Lower bound Upper bound 
Constant 54.617 21.452 .000 49.453 59.780 
Strand_Size -9.836 -11.340 .000 -11.595 -8.077 
Strand_ 
Spacing 
12.808 14.765 .000 11.048 14.567 
a. Dependent Variable: Object_Porosity 
Strand_Orientation was not a statistically significant predictor of object porosity and was thus 
eliminated from the model. 
Conclusion 
Final regression equation modelling object porosity: 
Ŷ = 54.62 – 9.84Xstrand size + 12.81Xstrand spacing 
For every unit increase in strand size, the object porosity will decrease by 9.84 % (when all other 
factors are held constant). Then, for every unit increase in strand spacing, the object porosity will 
increase by 12.81 % (when all other factors are held constant). Thus, object porosity decreases 
with increasing strand size and increases with increasing strand spacing. 
NB: Unit increments as referred to in this interpretation correspond to the following: 
 Strand spacing: 1 unit increase = 0.5mm increase in strand spacing 
 Strand size: 1 unit increase = 100 µm increase in strand size 
Relationship between Tensile Modulus and Object Porosity 
Pearson’s Correlation 
Correlations 
 Object_Porosity Tensile_Modulus 
Object_Porosity 
Pearson Correlation 1 -.826** 
Sig. (2-tailed)  .000 
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N 39 39 
Tensile_Modulus 
Pearson Correlation -.826** 1 
Sig. (2-tailed) .000  
N 39 39 
**. Correlation is significant at the 0.01 level (2-tailed). 
At the 5 % level of significance, there is no evidence to reject the assumption that a linear 
relationship exists between the tensile modulus and object porosity measurements obtained (r= -
0.826, p-value < 0.001). The correlation coefficient of -0.826 is suggestive of a strong inverse 
relationship between the tensile modulus and object porosity measurements. 
Relationship between Compressive Modulus and Object Porosity 
Pearson’s Correlation 
Correlations 
 Object_Porosity Compressive_Modulus 
Object_Porosity 
Pearson 
Correlation 
1 -.868** 
Sig. (2-tailed)  .000 
N 39 39 
Compressive_Modulus 
Pearson 
Correlation 
-.868** 1 
Sig. (2-tailed) .000  
N 39 39 
**. Correlation is significant at the 0.01 level (2-tailed). 
At the 5 % level of significance, there is no evidence to reject the assumption that a linear 
relationship exists between the compressive modulus and object porosity measurements obtained 
(r= -0.868, p-value < 0.001). The correlation coefficient of -0.868 is suggestive of a strong inverse 
relationship between the compressive modulus and object porosity measurements. 
 
 
 
 
 
